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DIFFUSION OF CHARGED PLASMA PARTICLES IN A MAGNETIC FIELD

V. E. Golant

In the last few years, a large number of theoretical and experimen-
tal studies have been published which have been devoted to the investiga-
tion of the diffusion of charged plasma particles in a magnetic field.
Interest in these studies has been stimulated primarily by the extensive
development of research on the confinement and heating of plasma in a
magnetic field conducted in connection with the problem of controlled
thermonuclear reactions (see, for example, reference [1-3]) and with
astrophysical investigations of plasma [4-5].

A number of books dealing with plasma physiecs [1-3, 6-12] discuss
certain aspects of the theory of diffusion in a magnetic field and cite
individual experimental results. However, there is no systematic'survey
of the present status of diffusion research. The present paper is aimed
at filling this gap: it sets forth the theory of diffusion of a stable
plasma and offers a survey of the principal experimental investigations
of diffusion in a magnetic field.*

I. THEORY OF DIFFUSION DUE TO PARTICLE COLLISIONS

The effect of a magnetic field on the diffusion of charged particles
in a gas and their motion in an electric field were noted in the early
work of Townsend [14]. In these and many subsequent studies [14~15], the
directed motion of charged particles in a neutral gas was treated by the

approximate free-path method. A more detailed analysis of the processes

*It should be noted that various plasma instabilities have been detected
in many experiments. The problems of the theory of stability are not
considered in this survey (see, for example, reference [131).
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of transport of charged particles in a neutral gas, based on the solu-
tion of the kinetic equation and averaged equations of motion, was given
in ref. [16-21]. Results of these investigations were used in the treat-
ment of dipolar diffusion in a weakly ionized gas [22, 20, 21].

A large number of studies have been devoted to the processes of
transport across a magnetic field in a completely ionized gas. The trans-
port phenomena were investigated by means of averaged equations of motion
for charged particles [23-25, 6], by means of the kinetic equation [26-
347, and by methods based on the treatment of the displacement of individ-
ual particles [35-39]. The collective Coulombic interactions of charged
particles were treated in the majority of cases as a set of independently
pair collisions with a maximum interaction radius equal to the Debye ra-
dius. A special investigation made with the use of quantum field theory
methods showed the permissibility of such treatment in the analysis of
transport processes [40, 41].

A number of papers [42-45] discuss diffusion across a magnetic
field in a strongly ionized gas for conditions under which collisions of
charged particles with neutral particles and with one another are signifi-
cant.

We shall not dwell on the various methods emplo&ed in the theoreti-
cal studies of transport phenomena in a magnetic field. 1In order to ob-
tain the geheral relations determining the rate of diffusion under the
influence of Qoncentration gradients in arbitrary magnetic fields, we
shall use the simplest method orewhich is based on the solution of ap-
proximate equations of the motion of charged particles. Transverse dif-
fusion in strong magnetic fields will then be considered in detail, and

expressions for diffusion flows will be obtained from an analysis of



particle displacements produced by the collisions. In order to avoid
encumbering the presentation, the diffusion caused by temperature gra-
dients (thermal diffusion) will not be considered.

1. Theory of Diffusion Based on the Equations of Particle Motion

1. Averaged equations of motion. The averaged equation of motion

of charged particles may be written as follows:

du -
) - H v
’{i‘f [ 'dta ”.“(uav)uaJ =Za3E—-i~Zae.[_‘iqc__1___.;_[:g+ma G:ta. (l.l)
’ [+1

Here Zae is the charge; L the mass; LI the vector oflthe average (di-
rected) velocity: n, the concentration; Py the pressure;?jﬁfgg is the
momentum change resulting from the collisions (the "friction force") (all
the quantities pertain to particles of the Yo" kind)*; E and H are the
strengths of the electric and magnetic fields. The pressure Py for a
Maxwellian distribution of random particle velocities is given by the
equality

Po=Ngl'g (1.2)

(Td,is the temperature in energy units).

As we know, equation (1.1) is a result of the kinetic equation (see

A
reference [9]). In the general case, the last term, m E;, , can be

determined only by integrating the kinetic equation. The quantity

g
:magf‘may depend not only on the concentration and temperature of the

various particles, but also on the magnetic field. 1In certain approxi-
mation, however, the magnitude of the friction force may be represented
by the relation [6, 23, 24],

ma—&i= —~ma%‘,v03(ua-—u5), : (1.3)

*We shall designate the quantities pertaining to electrons by the sub-
script o = e; those pertaining to iomns, by the subscript @ = i; and
those pertaining to neutral atoms, by the subscript @ = n.



JFach of the terms on the right side of the equation gives the averaged
change in the momentum of a particle of the "o'" kind per unit time, re-
sulting from its collisions with particles of the "B" kind. It is nat-
ural to assume that the "friction force" determined by the collisions of
particles of the "o and "B8" kind is proportional to their relative ve-
locity. The quantity VaB is a certain effective frequency of particle
collisions, Since the momentum is conserved in the collisions, the
guantities Vo8 and vﬂa should be related by the expression
© NgMgVap = NaMp¥pa- 7 (1.4)

We shall subsequently consider stationary or quasi-stationary pro-

cesses in which

| dug,

S, !
A

“s?l (1.5)

and the first term on the left side of the transport equation may be
ignored. Further, we shall consider the perturbations (concentration
gradients and the electric field) to be small, so that the quadratic
terms (uV)U« on the left side of equation (1.1) may also be ignored.

They may be ignored when the directed velocity of particles is much

Ty 1.6
ua«l/”Ta. ( )
@
This inequality is obviously a condition of the diffusional character of
the transport phenomena.

Keeping the above simplifications in mind and using egqualities (1.2)
and (1.3), we may write equation (1.1) as an equation of equilibrium be-
tween the electric force, the Lorenz force, the pressure gradient (per
particle) and the effective friction force

(1.7)
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In equation (1.7) the temperature is assumed to be constant and has
been put outside the gradient symbol, since the thermal diffusion will
not be considered.,

System of equations (1.7) permits determination of the directed
velocities of all the plasma particles, i.e., makes it possible to solve
the problem of the directed motion of particles.

2. Directed motion of charged particles in a neutral gas. Let us

first consider the motion of the charged particles of a weakly ionized

gas in which collisions of the charged particles with one another are

not essential, i.e., the frequencies of collisions of electrons and ions

with neutral atoms are much greater than their collisions with one another:
Ven 2 Veis © Vi, > 'Vie.’ (1.8)

In this case, transport equations (1.7) for charged particles of various

types are independent and are of the form

uH] . Va
[ ‘:. ]“Tu‘,;f*lnuvanu(;:(). (1'9)

ZaeE - Zye

Here Von is the frequéncy of collisions of particles of the "o" kind with
neutral atoms; we have allowed for the fact that when the degree of ioniz-
ation is small, the directed velocity of the neutral atoms is much less
than the directed velocity of the charged particles.

If we project vector equation (1.9) on the direction of the mag-

netic field, we find an expression for the longitudinal directed veloc-

' V’nﬂ B
ity ty)| =~ Dy ,‘l'd"‘-l-uauﬁ'm
Ty Zee |
Daj = v Pty = - (1.10)

( gy Eyy Vi o are the projections of the corresponding vectors on the
direction of the magnetic field),
The projection of equation (1.9) on a plane perpendicular to the

magnetic field makes it possible to determine the transverse components

&



of the directed velocity, i.e., the transverse velocity component in the

direction of the concentration gradient and of the electric field, u |

P

and the velocity component perpendicular to the magnetic field and con-

centration gradient, LR ok

| / x
i Ug = ""Da_l_ "% 4 oy By, | (1.11)
| T‘z . Zge 5
Dﬂ_L" y Bl = ; l
‘ A Van <1+ ’Van/ aan(i 'Van> J
. cT [hVna] ~ ¢[hE]
“QT-—- .
Z eHna<1-J— vin ) H(1+ v“") (1.12)

Here EEL’VL” are the projections of the vectors E and Vn onto the plane
perpendicular to the magnetic field; h is the unit vector in the direction

of the magnetic field; a%*is the Larmor frequency
[Zq) el

Wg =
mac

(1.13)
In order to describe the motion of particles in the direction of the

concentration gradient and of the electric field, we have introduced the

coefficients of transverse and longitudinal diffusion, Dy, Doy , and the

corresponding mobilities'pmn.mL. The relation between them is given by

Einstein's relations
=

Doy _ Doy _ o (1.14)
}LCLH p,a—L Zae

The difference between the quantities D;ﬁ and b;i (or:ga{ and{ﬁqL )
determines the anisotropy of the tfansport processes in the presence of
a magnetic field.

Let us note that the motion in a direction perpendicular to the con-
centration gradient and the electric field with large magnetic fields
(when [@g D Von. ) is determined by the drift velocity of the charged parti-
cles.

Using the equations of motion, we have obtained approximate expressions



for the flow of charged particles in a neutral gas. Let us compare N
these expressions with more precise formulas obtained for cetrain cases
with the aid of the kinetic eqguation.

Integration of the kinetic equation can be performed if one exam-
ines the motions of electrons in a gas under conditions where only elas-~
tic electronic collisions are important. The examination leads to the
following expressions for the diffusion coefficients [20]:

Dy=5{ Sh@av, Doy =5 § i) av, (1.15)
: 49} : o ,
where v is the electron velocity, fe(v) is the velocity distribution
function

: Ven = 1, 08*,,(0), 37?(1 = \ e (95 0) (1 = cos 9) dQ,
o - o ' o

(1.16)
v;n is the "diffusion" frequency of collisions s;n is the cross section
of momentum transfer, Oep (v, 0) is the differential cross section of the
scattering of electrons by atoms; the integration of (1.15) is perform-
ed over the entire volume in the space of electron velocities.
Expressions (1.15) and (1.10)--(1.11) are identical if the diffusion=-
al frequency of collisions between electrons and atoms, v;n, is inde-
pendent of the velocity. If vgn does depend on the velocity, then in
order to obtain congruence between the formulas it is necessary to intro-
duce some averaged collision frequencies into (1.10) and (1.11). The
quantity Ven® which enters into DJ_,n is then found to be dependent on
the magnetic field. Nevertheless, formula (1.11) correctly expresses
the general course of the dependence of the diffusion coefficients on
the magnetic field in this case also, 1f the dependence of VZn on v is
not too pronounced.
The kinetic equation describing the motion of ions in a neutral gas

can be easily integrated if the effective cross section of the collisions



between an ion and an atom changes in inverse proportion to their rela-
tive velocity,:@;:vffv“(it is assumed that only elastic collisions are
important) [18]. For this case, by integrating the kinetic equation,
one obtains expressions for the flow which are identical to formulas
(1.10)--(1.12), the effeqtive collision frequency being given by the

equality.

-t
Vin = n”(sg) 004, (0, 9) (1—cos ¢) dQ. (1.17)

3. Dipolar diffusion of charged particles in a weakly ionized gas.

The quasi-neutrality of the plasma should be conserved in the course of
diffusion of charged particles (if, of course, the dimensions of the in-
homogeneous region are much greater than the Debye radius). The gquasi-
neutrality condition for a plasma made up of electrons and ions with
charge Ze has the form
Mo = Zn;. (1.18)
Equality (1.18) sets forth the relation between the flows penetrat-
ing each element of volume,
V (n,) = 2V (nyus)- (1.19)
In many cases, relation (1.19) determines the absence of an electric
current in the direction of the concentration gradient, i.e., the equal-
ity of the corresponding components of the directed velocities of elec-
trons and ions
7 Bl = Uil U = “u (1.20)
This equality holds, for example, in the case of diffusion in a dielec-
tric bottle (for more detail, see 3, Ch. I)
Let us note that relations (1.18) and (1.19) do not impose any re-
strictions on the particle flow in the direction perpendicular to the

concentration gradient (it is easy to see that V(nup)=0 ). This is



natural, since a flow of this kind does not lead to a change in the par-
ticle concentration. The mode of diffusion for which condition (1.20)
is valid is termed dipolar,.

Let us examine a dipolar diffusion in a weakly ionized gas, when
the major part is played by collisions of electrons and atoms with atoms
i‘“ﬁipvﬁ“vh?>7WQ. The directed velocities of the electrons and ions in
this case are given by formulas (1.10)--(1.12). Substituting these for-
mulas into (1.20) and taking kl.lS) into account, we can find the elec-
tric field strength of the space charge necessary for maintaining the

dipolar diffusion*: , .
Dy — el) V”nc TeV e

-E” = (l’-tl!i‘“’“”al\) ne eny, (1.21)
eogm, Ti .
O (I)a_L“DnJ.) V.L" Te [ - T ZVgnVinte i ] Vit
i L= (f"t ! ""pc_[_) nc [ 14 | 00 J . ' (l .22 )
VenVin

The approximate equalities in (1.21) and (l.22) as well as in the
subsequent relations (1.23)--(1.25) are obtained under the conditions
;ﬁhﬂ{ﬁi?ﬂbgﬁfﬁ@wn> To/Tymy,, , which prevail in virtually all cases, since
m, > Me,

It is apparent from formula (1.21) that the longitudinal electric
field of the dipolar diffusion accelerates the diffusion of ions and
slows down the diffusion of electrons. The transverse electric field,
in the case of low magnetic fields, also accelerates the di ffusion of
ions; with larger fields with which the coefficient of diffusion for ions

is greater than for electrons, the sign of the electric field changes.

Using relations (1.10), (1.11), (1.21), (1.22), we find expressions

*The potential electric field given by equalities (1.21) and (1.22) may
exist if the distribution of the concentrations is a product of the
functions which are dependent on the longitudinal and transverse coor-
dinates n=ny i (rp) Ry (TJ_)



for the velocity of the dipolar diffusion of electrons and ions

v
Uep = Uin = —D alf “nP
Do = T;+2T, ~ 1+ZT (1.23)
= Vin - ZMmgVen  , MiVin ’

v ne

ch_—ul_L =S "'DG_L -L
T;+2T, .
DaJ‘ T1+Z1Z—‘m ©?2 ‘ mim; t1 ":e(‘)l ) (l' 24)
mivzn+z"7'c"'cn 2 c+ mivm( +Vcn"in>

'Vin

The quantities DaM.DaL 1ntroduced here are called the 1ong1tud1nal and
transverse coefficients of dipolar diffusion.

Using formulas (1.12) and (1.22), one can also readily find the
velocity and the direction perpendicular to the concentration gradient

in dipolar diffusion:

U TR — o(Ti4+27T,)[hVn,)
Zell ( 1+\’en\’m) ( +Ven
{
uiT R Cmeven(Tz+ZT¢) [hVni] (l . 25 )
3 .
s (17504 5 )
in

These velocities determine the density of the diamagnetic current ac-

companying the dipolar diffusion
e (Ti+2T,)

21 (1-—}—&_’1}3{{)[“"”01 (‘Where ;"Veu & ma)'f, (l 026)

J=Zenu; —enu,x

Wet;

L, Diffusion in a completely ionized gas. Let us now examine the

diffusion in a completely ionized gas composed of electrons and ions
charged Ze.

Let us note that each volume element of a completely ionized gas
(when’%j?iii ) is acted upon by omnly two forces: the pressure gradient
V(pip) and the magnetic pressure gradient V(/[*/8x), directed at right
angles to the magnetic field. Diffusion, i.e., uniform movement of the
gas, can take place provided that these forces are in equilibrium.
Therefore, the longitudinal diffusion of a completely ionized gas has no
meaning at all, since in the presence of a pressure gradient the longi-

tudinal motion of the plasma is accelerated. The transverse diffusion

10



of a completely ionized gas has meaning if it is considered when the gas

as a whole is in equilibrium:
' H?
: "V_L(Pi"}“Pe):—‘V',J.(“g‘R‘)' (1.27)
In the region of diffusion, the magnetic field may be considered homogene~

ous only if the kinetic pressure is much less than the magnetic pressure:

: 8 (pit-pe) .
j p= e =< L ‘ (1.28)

The directed transverse motion of electrons and ions is given by the

equations (1.7)

v .
__”_e_ "L‘ ’nevci (uc - ui) = O’ ‘

[ (1.29)

F-— _c[u II]_, T,

/ E+= —m;V; (u; —1u,) =0,

Ze [u H] T, %
When these equatiohs are solved simultaneously, one should keep in
mind the quasi-neutrality condition (1.18) and the relationship between
the collision frequencies (l.4). Once the system of equations (1.29) has
been solved, it is easy to find the directed particle velocities. The

velocities of the electrons and ions in the direction of the concentration

gradient are identical:

e (TetzT)ve
' =—D l ., Dy
Uel =Wi] = L J ey ’ (1.30)

i.e., the diffusion of a completely ionized gas across a magnetic field
is found to be dipolar, irrespective of the magnitude of the electric
field in the plasma. The particle flow in the direction of the electric
field is absent.

The velocities of the electrons and ions in the direction perpen-
dicular to the concentration gradient and to the field are given by the
equalities |

'“el”“""“m ~ e (1.31)

o'y [hWVny}
Uil = T [hn] t 7l TZeH  ng

11



These velocities determine the drift of electrons and ions which exists
independently of their collisions with one another.
The density of the diamagnetic current in a completely ionized gas
is found to be
= neur v =gy T+ 2T ). (1.32)
Formulas (1.30)~-(1.32) coincide with the corresponding expression
obtained from a kinetic examination with|®, » V. [20-30], if the effective

frequency of the collisions of the electrons and ions is taken to be

Ngy = 1’ :m L(Zau> ("g::)m- (1‘33)

(L is the so-called "Coulombic logarithm" [6]).

5. Dipolar diffusion in a strongly ionized gas. Let us now con-
sider the diffusion in a gas containing electrons, positive ions of one
kind, and neutral particles under conditions where the frequencies of
the collisions of the charged particles with the neutral particles and
with one another are comparable ( a "strongly ionized gas"). The system

of equations (1 7) for this case will have the form

: E’Le[u A +7, Vn?“‘r‘mvu(ue ui)'J“mvenu “‘O

i

: H Vn; _ (1.34)
ZcE - -‘7—5»[-—-: I T,— ;" MiVie (u; —ug) — myviu; = 0. 3

Here, the quasi-neutrality of the plasma and the relation between
the collision frequency (l.4) have been taken into account. As before,
it is assumed that the directed velocity of the atoms is much less than
the directed velocity of the charged particles.

A simultaneous solution of equations (1.34) gives the velocities
u and u, . We shall not write out the intricate formulas thus obtained.
By comparing the velocity components of the electrons and ions in the
direction of the concentration gradients i(uy, u;) , it is easy to find

the dipolar particle velocity in the electric field insuring the dipolar



diffusion. The longitudinal and transverse components of these quanti-

ties have the form

v .n T;-+ZT
1% =1ro e
uy, = — Dgyi n;v Dau——_:mf’ ‘ .32
_ _7.Vire (1.36)
EH"“ e ne ' ’
. V.n Ti4 2T
; 1, _ i e
 up=—Day ==, Doy = 0,01 ,
- __L________E__J._____] (1.37)
¢ mv."m['1 T(Vei=HVen) Vin ’

Ty 00
E' T, [1“‘ZT;‘(vei+ Vgn)vin] Vire
| | = — 00 ng (1.38)
! ¢ [ 1+(Vei+"’en) vinJ .

¥

We shall also write the formula for the current density in dipolar

diffusion (when v,, < @, )
Pl . . )= — ¢ (T4--2Te) Ve .
je=ne (W —uT) = o [1_{_@_(_33_;1—__‘_’.@] (1.39)

e

Formulas (1.35)-(1.39) were obtained with the assumption that
”i;vin 2>my, . A kinetic treatment of diffusion in a plasma composed of
electrons, ions and neutral atoms was given in reference [43] for condi-
tions where the diffusion frequencies of collisions of electrons with
atoms and of ions with atoms are independent of the velocity and the
inequality mV & m;-?‘i‘,}' applies. The expressions for the velocity of
dipolar diffusion and electric field obtained in reference [43] are
close to the expression given above if the quantities{:v‘;,;,"\?jé,;‘;‘??G;;'g'~' are those in
formulas (1.16), (1.17), and (1.33).

6. Summary of results. Table 1 brings together the formulas for

the longitudinal and transverse diffusion coefficients of the electric
field insuring dipolar diffusion, and the diamagnetic current of charged
particles. The table alsc includes the condition of applicability of
these formulas. These conditions were obtained with the use of inequality

(1.6), according to which the directed particle velocity in diffusion

13
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should be much smaller than the thermal velocity of the particles.
When applying inequality (1.6) to a specific case, we utilize the above
derived formulas for the components of directed velocity M uy, up (the

temperatures of the electrons and ions were assumed to be of the same

T g o .
order). In the table,;Lﬁjllaﬂ} LAy are the characteristic di-

e BB B L o .

. . L 1 7, . 1 27,

mensions of the homogeneous regions of the plasmaj; A, = s b= VST

P X Y M Yem T e

are the free-path 1engths;§§f=zé-y/%§$, 'e=b£~ %;ﬂ are the Larmor radaii
Che 6 Vome :

of the electrons and ions.

2, Transverse Diffusion in a Strong Magnetic Field

l, Initial relations. In this section we shall consider the trans-

verse diffusion of charged particles in strong magnetic fields in which
the electrons and ions execute many revolutions about the lines of force
of the magnetic field during the period between collisions, and the Larmor
radaii of the particles are much smaller than the characteristic dimen-~
sions, i.e., ; L R
0P e 0> v B L QKL (2.1)

Under these conditions the effect of particle collisions on their motion
may be considered to be a slight perturbation.

In the absence of collisions, the motion of charged particles in
the magnetic field is conveniently represented as a rotation with Larmor
frequency about the leading centers. The coordinates of the leading cen-

ter and the particles are_phenhrelated as follows

em, T
Ra=Tat0ar Qu= =% [wah]. (2.2)
Here Ra is the radius-vectdr of the leading center, T is the radius-
vector of the particle, Pa is the Larmor radius, L. is the velocity of

rotation.

The leading centers themselves can move with an arbitrary velocity

15



along the magnetic field (ﬁgﬁ -« In addition, in a transverse electric
field the leading centers drift with the velocity
UE—~——[Eh] (2.3)

Thus the vector of the particle veloc1ty is given by the sum
| Ye= Ve watus, (2.4)

The magnitudes of the velocity of rotation of the particles, of
the longitudinal velocity, of the rotational phase 49, and of the trans-
verse coordinates of the leading center R$_(in the presence of a trans-
verse electric field,. i.e., coordinates along this field) are integrals
of motion. The particle distribution function in the absence of collisions
may be an arbitrary function of the integrals of motion. We shall consider

the velocity distribution fﬁnction w to be Maxwellian and to have a concen-

tration dependent on the transverse coordinates of the 1ead1ng center*:

’ e e e S

1" (RﬂaL' Waty Way ) diilas Ay dop= g (na_L)fa (Va) dw,,.
m“(\“-u&.)’f’ (2-5)

fa (Va) (217‘ )a/n Ll 2Ta

The distribution (2.5) leads to a known expression for the average drift
velocity of the particles acted upon by the concentration gradient.

ﬁagrm S wiig (Ra 1) fa (\va)bd;\;“ = ‘ [hVna] (2.6)

Z?ﬂn
The drift of the leading centers, and correspondingly of the particles
themselves, across the magnetic field in the direction of the concen-
tration gradient or of the electric field occurs as a result of the
collisions. The particle flow under the assumptions made above may be
determined by means of the theory of random wanderings developed by
Chandrasekar [46, 12].

Let us direct axis 0Z along the magnetic field and axis OX along

the concentration gradient. The flow of the leading centers across

*Tt is easy to show thatj dwldwlld(p=—1(5—dwxdwudwzz.:.b‘dw.
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plane X = const is given by the obvious equality

E_.l‘a'w——l——{gd(AX)% X [ng (X — X)W (X — X, AX)—
’ »lza(X—}-X')Wa(XTX' "‘AX)]}

(2.7)

in whch?V CX'AAJ is the probabllity of displacement during time At
of the leading center located at point X over distance A X. The value
of At is chosen so that many collisions can take place during this
period of time, But so that the average displacement be considerably
small er than the.characteristic dimen81ons<}~<< At« ) + ¥We canm
then represent.n W by the expansion

o (X~ X’)W;(X — X', AX) = ng (X) Wa (X, AX) = X" ;f(nawu) (2.8)
Substituting (2.8) into (2.7), integrating with respect to X', and
averaging over the velocities of particles of the "o " kind, we find
the following expression for the flow:

Ta=na (AXa) — 4 50 (e (AXaF) . (2.9)

Here the symbol (}..>> signifies the summation over collisions taking

place per unit time, and the averaging over velocities:

(AXo) = | ANV Walke BX) d(AX). (2.10)

‘—o0

The averaging is carried out for a fixed value of'Xa.

In the case in which éhe gas contains many types of particles, the
transverse flow of particles of each type in the direction of the con-
centration gradient may of course be represented as a sum of the flows
associated with the collisions of particles of a given type with parti-

cles of all the other types'

Faw%ruﬂ; Faﬁ“‘na(A}xaﬂ) 25%’[”“<«(Axa8)2)]' (2.11)

(AXep is the displacement of particles of the "o" kind as a result of
collisions with particles of the "8" kind). Therefore we shall subse~-

quently give separate consideration to the diffusion taking place
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across the magnetic field and associated with various types of collisions,
Under conditions where the Larmor radius of the particles is much
smaller than the radius of interaction, the magnetic field has almost no
effect on the event of collision itself. Collision under these conditions
leads to a change in the velocity of the charged particle by a quantity
Av_ and, according to (2.2) and (2.4), to a displacement of the leading
center given by the equality

Mgt v
ARG = Tooll [Avah],

A . mcAv
ARy = 1200Ll | Ax, =T

In collisions in which the relative change of the transverse velocity

is appreciable, the leading center is displaced over a length of the order

of the Larmor radius (fig. 1).

Figa 1

Summation of the displacements due to collisions of particles of the
"oM kind with particles of the "B" kind and averaging over the velocities
gives
g o . e S
QMSRMMWS%%WMM%“MWW&Wmulm
(Va) (v8) @) *

{(AXgp) =

where [p=|v,— Up| is the relative velocity.

The collision integral is calculated in the usual manner [19]

‘ A [+ s e mﬁ . *
(§)( Uay) U0ag (U, $) dQ = mf"+mﬁ UyUSags (2.14)
sis = | 0ug (0, 9) (1 — cos 9) 0. (2.15)

()

In the integrals of (2.13) it is convenient to chénge from the
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velocities Vot vs to the velocities
maTﬁvu-{—mﬁTavﬂ
nlaTﬂ-‘l"mﬁTa . (2‘16)

. V=Vg—Vg, Vo=

Substituting (2.14) into (2,13) and taking (2.16) into account, we find

<A.xap>- =227 § v § avia(va) fo (va) ma (X5) 09, (0)- (2.17)
C e W) ' o

Here /Joglg is the reduced mass
malng .

P«aﬁ——m g ) (2.18)

In formula (2.17) we shall substitute expressions for the distribution
functions (2.5), obtained without considering the collisions, since
under these conditions the collisions have little effect on the motion
of the charged particles (see 2.1).
The expression for «AA,@ﬂ) is obtained in similar fashionj
((AX )2)»~ ““ﬁc n,;& dwf,,S de‘ai;’a)‘ 5 (vp) vsap (?).-‘ (2.19)

- 5[13 o) ey

In this expression we have neglected the change na under the integral
sign, i.e.,, when the coordinates changed by a magnitude of the order of

the Larmor radius., Substituting the Maxwell distribution functions in

Y

integral (2. 19), it is easy to reduce the latter to the form

' . uqﬁv’
8 2
«AX@V} f zpizzcr 8. (zf;ﬁ v ﬂ thsdp (v) & Tap dv, (2.20)
: m T +m T
‘ Tﬂﬁ""‘" nm:+‘“~‘m§ <, (2’21)

Using formulas (2.,11), (2.17) and (2.20) we can determine the flows
associated with collisions of particles of various types.

2. Diffusion caused by collisions of charged particles with neu-

tral particles. As before we shall consider that the density of the

neutral particles is independent of the coordinates and that the velocity

When changing to (2.20) we have assumed in formulas (2.5) that v = w,
considering that the drift velocity u, is much less than the thermal

velocities 'L/fZg,l//Yz
. m.a " mB
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distribution is Maxwellian.
Under these conditions, expression (2.17) for the displacement of
charged particles of the "o kind determined by their collisions with

neutral particles, is reduced to the form

Rgnv?

[ -
Ay _,4“}L§n02nhEx/ Pan 3/28 % 7/ 2Tqn
AXgn = Tl T, \ZATy osa 1 )e dv. (2.22)

after the substitution of the formula (2.5).

In this case we have left only those terms which are proportional
to the first power of E (the drift velocity u, is assumed to be small
compared to the thermal velocityvﬁ/fiﬁng).

Formulas (2.11), (2.20), and (2.,22) make it possible to obtain an
expression for the transverse flow charged particles caused by their

collisions with neutral particles;

ZoV, T % _ 6n
Top== 280 p o ~an’an g (2.23)
an mowk ol ‘mawi 0X ' -23

in which the effective collision frequency Von is given by the equality

N ) 8}" y o ;Maévz
Vo == eban _ (~ Pap N2 TTap _—
o 3V nmg »2Tan.> § Vsop (V) € dv. (2.24%)

It should be noted that for the case of electrons, formulas (2.23),

(2.24) can be simplified since me‘<< m , and therefore (see (2.21))
Ty b

The temperature of the ions should be taken to be equal to the tempera-

ture of the neutral gas;

Indeed, a complete exchange of the energies of the ions and atoms of

comparable masses occurs as a result of several collisions. During

that time the jon may be displaced by several Larmor radii, i.e., over
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a distance considerably smaller than the characteristic dimension (see
2.1). Therefore during the time of the diffusion a thermal equilibrium
between the ions and atoms will undoubftedly be established.

Expression (2.23) gives the corresponding values of the diffusion

coefficients and of the directed velocity of the particles;

v -
an 2
an == ——5 ==VanQas
. a®q
2 Zgv . pmge (2.25)
g = an E—'-'—'Van " e Upw
- VET m* el 'ZQGH .

1

\

The physical meaning of these expressions ié eésy to understand. The
diffusion coefficient is equal to half the mean square of the particle
displacement per unit time. Since the particle displacement is of the
order of the Larmor radius (Q  in each collision (see Fig. 1), the dif-
fusion coefficient should be of the order of {yé@i (2.25).

A displacement of the particle in the directipn of the electric
field, in accordance with (2.12) (see also Fig. 1), is given by the ve=
locity change in the perpendicular direction AX@““—._AQW. Accordingly,

ZgeH
the mean velocity in the direction of the field should be proportional
to the number of collisions and the mean velocity in the direction per-
pendicular to the fleld,(AA;)~u~4an<Z ‘am, as given by equality (2.25).

Using expression (2.23) we can also find, as was done in the pre-
ceeding chapter, the velocity of the dipolar diffusion caused by colli-
sions of charged particles with neutral particles. In the case of a gas
composed of electrons, one kind of positive ions and neutral particles,

the relation giving the dipolar diffusion velocity is obtained by equat-

ing anm ~P

\ 2.26)
P T + Tz LY N ( hd
Ta i poy (T v

@ my (l)c

-8
k3
E
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The electric field is then given by the approximate formula

o o T: Ong
: £y~ eZing, 0X ° (2.27)

...............

3+ Diffusion caused by collisions of charged particles with one

another [35]. Under conditions where the effect of collisions of charged
particles with one another on the diffusion is important, the time of the
energy exchange of charged particles of various types is found to be con-
siderably shorter than the time of the diffusion. For the energy exchange
betw§en electrons and ioms, for example, mi/me collisions are required*.
The same number of collisions is necessary to make the electrons and ions
diffuse over a length of the order of the Larmor ionic radius gii as a
result of collisions with one another. Since, according to (2.1), the
éharacteristic dimensions of the plasma are considerably greater, a ther-
mal equilibrium should be established between the charged particles dur-
ing the period of diffusion. Accordingly, we shall subsequently consider
the temperature of charged particles of different types to be the same:
| Ta=Tp=Top=T. (2.28)

Using formula (2.17), let us determine the average displacement in
collisions of charged particles,fjﬁiﬂﬁ;, In carrying out the calculation
we must consider the dependence of the concentration of particles of the

"@" kind on the coordinates:

28 (Xp) = g (Xa) + (X~ Xa) o2 . (2.29)
The difference in coordinates XB - XQ associated with the c¢ollisions

(for a fixed value of.Xa) is determined in accordance with (2.2), (2.4)

We have in mind:the "close" collisions resulting in a change of the
electron velocity by an angle ~#/2, or a set of distant interaction which
is equivalent to a "close" collision.

L]
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and (2.16) by the equality

mptd, m -
5 _ECup e W
‘X A"" cfl ( T Zy > -

“a ' .
, m g Chhop ( (2.30)
= -e—I-!—' (oov uE‘lI)( - —_— _ eH 1/ ZG

Substituting (2 29) and (2 30) into (2.17) we can ea51ly find the magni-
tude of Aﬂﬁg e Neglecting in (2.29) the terms proportional to the second
and higher derivatives of the concentration, since the concentration with-
in the limits of the Larmor radius is small, we obtain the following ex-

pression for (AXg) :
P 2.
AKXy TRt oy oy (L ~F
e =g (7, (%) SU"Saa(d)e do.  (2.31)

Formulas (2.11), (2.20), and (2.31) give an expre551on for the diffusion

flow caused by the collision of charged particles:

g ‘ Vs T~ 6n "2, ng ‘9”3 (2.32
vpaﬁ‘—:*—“mm“. ax 'zB ng X +32)

in which v__ is given by equality (2.24). Substituting the Rutherford

of

cross section into (2,24) and (2,15), we obtain a relation which gives

v _, in an explicit form

o . : e
° , 423 Zjet (2apgp) 1o
YOS TT e, (2.33)

Here L is the Coulombic logarithm

L lnﬁinln ! (2.34)

. 7T L2
Pnax=Ta=\ g5 )
. r _ 1L ‘«—};- ot r >> r
N T g, |
L (p'a‘GT)l/", wnere ’'» [1]

Piin =T = o2 G
= 21 ZaZy | where -, > 1.
The expression for the diffusion flow (2.,23), taking (2.33) into account,

can be represented as

i 2“%5 1y c~e- . ong 1 fng
Fag—- ---—-< / Lna"BZB(Zﬁ g ey a Za';%“'a“f.‘ (2.35)

It should be noted that the collisions of charged particles, independently
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of the magnitude of the electric field, lead to a dipolar flow in the
direction of the concentration gradient. Indeed, according to {2.35)

L, On the influence of collisions of like charged particles on the

diffusion of the plasma across a magnetic field [35, 39]. It follows

from formula (2.35) that collisions between like particles do not result
ir a diffusion flow proportional te the concentration gradient

raq=0.‘" (2.37)
In certain studies (for example in ref. [6]) this effect is attributed
to the fact that the "center of mass of the leading centers" is displaced
during collisions of like particles., 8uch an explanation should not be
considered satisfactory since the diffusion may also take place when the

*
position of the center of the mass of the particles remains unchanged .

oH
l.‘42 .' L
o
B N
\
! \
! Py |
)
-1
/
s
”

Fig. 2.

As shown in (ref. [35]), in the case of collisions between like
particles, the diffusion flow given by the mean square of displacement
is balanced by an opposite flow proportional torthe mean displacement,
The origin of this flow is not difficult to understand. As can be seen
from Pig. 2, when particle 1 collides with a similar particle 2, the
leading center of particle 1 is displaced toward particle 2 (along curve
I). In the presence of a concentration gradient, there are more collisions
on the side where the concentration is greater. Therefore, collisions

*
Let us note that in accordance with (2.,35) the diffusion flow caused by

the collision of particles of different masses, in which the center of mass
of the leading center is displaced, may also become O (for instance if

ia;;¢§34=ﬁp*
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between like particles lead to an average displacement and correspond-
" ingly to their flow in the direction of increasing concentration. This
flow offsets the ordinary diffusion flow in the direction of decreasing
concentration. A complete equalization of the flows is obtained in ac~
cordance with (2.35) when the calculation is made to within the Ffirst
space derivative of the concentration.,

Calculations with higher derivatives of the concentration made it
poessible to determine the velocity of the diffusion caused by collision
of like particles [35]. The corresponding expression for the diffusion

flow is S

P L8 i, M f TNV, B ‘ 1 Ong
- I.fmzvas"‘ P T (ﬁ;) Ln ax na" ax=>”'“

(2.38)

L ' C - ctmf /s ’
g"‘vkww_ e S e (m ) L13

The ratio of the flow of ions caused by their c011151ons with one
another to the flow caused by their collisions with electrons has, in
accordance with (2,35) and (2.38), an order of magnitude of

T (Y ff- (2.39)
(when n; o~ ne).

In ref. [35] it has been noted that under conditions determined
from formula (2.39), the flow of ions due to their collisions with one
another may be prevalent. However, as can be seen from (2.38), the
collisions of like particles produce different rates of diffusion of
electrons and ions (the ions diffuse faster). Therefore, a separation
of charges arises in the plasma, and hence the transverse electric
field is inhomogeneous in the general case [39]. In an inhomogeneous
electric field, the drift velocities of the colliding particles are
different (since their leading centers are dispersed in space). The

collisions give rise to a "friction force" proportional to the mean
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relative drift velocity and directed parallel to it (i.e., perpendicular

to the electric and magnetic field)., The "friction force" gives rise to

a particle drift parallel to the electric field. The direction of this
drift is opposite for particles of opposite charge. The inhomogeneous
electric field thus changes the particle flow due to collisions and may
create a dipelar mode of diffusion, i.e., the absence of an electric cur=-
rent in the direction of the gradients. Ref. [39] showed that the electric
field produced in dipolar diffusion in a gas composed of electrons and

singly charged ions has an order of magnitude of

1 L T
g (2.40)

(the field distribution is determined by the condition that the transverse
current be equal to 0). The ratio of the dipolar diffusion flow propor-
tional to higher derivatives of the concentration I‘II to the flow pro-
portional to the concentration gradient I\I is given in order of magni-

tude by the equality

of

'—:“l_z‘o

© | I
‘ 'l (2,41)

AT

Thus the dipolar flow proportional to higher derivatives of the
concentration, and in particular, the flow caused by collisions of like
particles, are small under the conditions considered (see 2.,1) and can
be neglected.

5. On the influence of collisions of ions with different charges

on the diffusion, If the plasma contains ions with differesmt charges,

their collisions may have a considerable effect on the transverse dif=-
fusion of the plasma [2, 37]. Indeed, each such collision leads to an
appreciable change in the momentum of the ions, i.e., to a displacement
of the leading center of the ion over a distance of the order of the

Larmor radius while collisions of the ion with an electron result in a
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considerably smaller displacement of the ion, since the relative momentum
change of the ion is then of the order of the ratio of the electron mass
to the ion mass,

The role of the collisions of ions of different charges may be evalu=-
ated by meams of relation (2.35). For the same relative concentration

1 0ng 4 dng

gradients of the partlcles ;‘§f~1%dx s, the ratio of the diffusion
flow of ions with charge Zae caused by collisions with ions possessing

charge ZBe, to the flow caused by collisions with electrons, becomes the

equality

[ My Mg J Yz Zp(Zp—2y) Syl My
(m“-{- mg) g (5 + i)na ‘. (2.42)

This ratio may be greater even iféﬁg<?%, i.e., if there is present a
small amount of impurity ions with a charge different from the charge of
the bulk of the ions, since the ion masses mos mB are much greater than
the electron masses m .

Let us note that in a plasma containing two types of positive ions
their collisions lead to an opposite direction of the diffusion flow of
ions of different charges (see (2.36)). For the same relative concen-
tration gradient, in accordance with formula (2.35), the ions with the
smaller charge should diffuse in the direction in which the concentration
decreases (the usual direction of the diffusion), whereas the ions with
greater charges should diffuse in the direction in which the concentra-
tion increases,

Under steady-state conditions, when the ions are formed in the cen=-
ter of the plasma volume and their concentration decreases toward the
periphery, the diffusion of ions of all types should also be directed
toward the periphery of the volume. This means that the steady-state

distribution of the concentration cannot be characterized by the same
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relative gradients of ions of both types. It is easy to see that the
ions with the greater charge should be more concentrated at the center
of the volume than the ions with the smaller charge.

Let us take as an example the diffusion of multicharged ions of an
impu:ity of the "ao" kind in a plasma composed mainly of singly>charged
ions and electfons (assuming that na& n~n,=n). The diffusion flow of
the 1mpur1ty ions is glven by the equality (2 35)

4ee? 2T N1/ dlnn, - .y
Pu"'rni‘*’rae - 3;1‘3 T‘“) : {[ ""Za a(,l)-;rn ]+

: ' ( m, >1/2[ a]"” dlnn
: Hai +Za—5x ]}

The second term in braces is much smaller than the first since nz«;mzo

(2,43)

Therefore, in order that the flow of the impurity ions be directed to=

ward a decreasing concentration, the inequality

a'"” . alnn.
—ax > ey (2.44)

should be obeyed, meaning that the change in the impurity concentration
with the coordinate should be faster than nza. This inequality thus
determined the sharp drop in the concentration of multicharged impurity
ions at the periphery of the plasma.

6., Diffusion in a strong magnetic field affecting particle colli-

sions, Thus far, the diffusion was discussed for conditions under which
the magnetic field does not have a direct effect in the collisions, i.e.,
when the Larmor radii of the particles are much greater than the radius
of interaction.

However, in strong magnetic fields for which the radius of inter-
action of charged particles (the Debye radius) is comparable to the
Larmor radius of the electrons or exceeds it, it is necessary to con=-
sider the influence of the field on the particle collisions. A discussion

of the diffusion of charged particles taking into consideration the direct
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influence of the magnetic field on the collisions is given in ref. [31,
381",

As before, the diffusion flow caused by the collisions can be de-
termined by means of formula (2,11). However the quantities /(AXy) and
{(AX4)%)in this formula should be calculated by taking into considera-
tion the effectt of the magnetic field on the motion of the particles.

In performing the calculation, we shall assume that the interaction of
the charged particles is described by the Coulombic potential "cut off"
at the Debye radius.

In order to characterize the collisiong in a strong magnetic field,
it is convenient to introduce the impact parameters p.

If we determine the relation between the displacement of a particle
upon collision(AA@@ﬁand the impact parameter, the average quantityK3§§¢y

can be calculated by means of the obv1ous equallty

axey={ ( apap, § 1vaave § 1000 dvary (Xa)v(AXan» (2.45)
— (Ver) vg) .

where'pl; p, are the‘progectlons of the impact parameter on the mutually
perpendicular axes in the plane perpendicular to the vector of the rela-
tive velocity v,

The quantity (AX.)? is given by a similar equality. The calculation
off (AXag), (( AXHM ) and of the corresponding diffusion flow for an arbitrary
magnetic field effect on the collisions is difficult. For this reason we
are considering below two limiting cases. In the first case the motion
of one of the particles in one of the collisions is strongly "magnetized",
while the second particle is practically unaffected by the magnetic field.,

Ref. [36] also attempts to discuss diffusién in a magnetic field in-
fluencing the collisions. This work, however, contains an error: the
authors make the incorrect assumption that the total pressure of the

particles is constant, without considering the magnetic pressure (for
more details, see ref. [38]).
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This takes place in the case of collisions of electrons with ions if
19&?P<§Qi » In the second case, the motion of both particles is mag-
netized (collisions of electrons with one another at|g,«p, , collisions

of electrons with ions and of ions with one another ati ai<7?),

bt e

e «\‘:j

Fig. 3.

7. Diffusion of electrons caused by their collisions with ions at

@& PLQ&U, 1na collision process in which the impact parameter is much
greater than the Larmor radius, the electron drifts in the electric field
of the ion (Fig. 3). The transverse displacement of the leading center

of the electron caused-by the collision is given by the equality

am e e s o Zwee &
ARy = — 5 (R dt =2 (v ar, (2.46)
\ - we0 : -0

where 'Feg—_-‘——f‘Z‘;é“"":-_Iifu(‘;) is the force exerted on the electron by the ion, and

r is the radius vector directed from the ion to the electron

: V (")"-".= -,13- whare < rdi; vV (‘r),l'= 0 wherer > rd (2.47)
Since the mean thermal velocity of ions is much smaller than that of
electrons, we shall first consider the drift of electrons assuming that
the ions are at rest. Furthermore, since in the case under consideratiom
the mean energy of the electrons is much greater than the energy of in-
teraction during collisions (since the Larmor radius Ese is much greater
than the "strong interaction™ radius rc), we shall assume that the longi-
tudinal electron velocity is constant. As follows from (2.46), the pro-
jection of the trajectory of the leading center of the electron on plane
XY is an arc of a circle with its center at the point where the ion is

located (see Fig. 3). The length of the path of the leading center
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during the time of the collision is given, in accordance with (2.46), by

the relation

S V)=V FEE) (2.48)

—~o
As can be seen from Fig. 3, the displacement vector of the leading center

may be determined by the equality
s.[ph] _ <ip
B (2.49)
which allows for the fact that

. Se Qe Te .
}QN - ; §<1, (2.50)

the direction of vector p was chosen from the ion to the electron.
Equalities (2.49) and (2.50) give the displacement of the electron
in the direction of the gradients

sXomip Vo=t it [ [ v0m)] (2.51)

When calculating <Q&Xé?’ by means of (2.45), it is necessary to take
into account the change in the concentration of the ions within the region
of interaction (this change is assumed to be small)

n'r.

o (X) n;(Xe)— P 5x ? (2.52)
The relative velocity which should be substituted into the integrals

of (2.45) is obviously the longitudinal velocity of the electron v = ]vez\.

Calculations using formulas (2.45) and (2.51) and taking (2.52) and (2,5)

into consideration produced the following result

2:rtme 1/ cze2 2 ani
(8Xpy=(Bre Y 22 Lz 3 (2.53)
L = 1p £max Pnax
Paiin |
| _ mgv? d (205‘4’)
| L=2{¢ 2 2,
| @ (2.55)
We can similarly determine the quantity
! 27tm, \z c2e3 P,g -
(X =2 (e )G Ly Zin (2.56)
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The calculation was carried out to within the terms proportional
to 1/I-I2 (the terms proportional to higher powers of 1/H were omitted).
The error which is then permissible is of the order of S)e/P'

The velocity integral Lv diverges at the lower (zero) limit. This
divergence is due to the fact that in the treatment under comsideration,
the time of interaction between an electron and an ion increases indefiw
nitely as the longitudinal velocity of the electron decreases. Actually,
the interaction time is limited. It cannot be more than p/vij'where viJ_
is the transverse velocity component of the ion. When Vez <'viJ_’ the
ion escapes from the region of interaction faster than the electron.
Another limitation is associated with the longitudinal acceleration of
the electron in the process of collision. The longitudinal electron
velocity in the vicinity of the ion cannot be less than the magnitude of

-the order of

"c“. Vs = 7 ry N\l

wm (Y ()" (2.5
Since, however, the integral Lv diverges logarithmically, it is possible

to replace the exact calculation by "cutting off" the integral at velocity

v,s equal to v or ?i. We then obtain

o ;2_‘ In-,;l-e—' where "’;“i‘< ”;":‘ 1. (2.58&)
CL=inEof e TR T

SR o
The expressions forkdéﬂ;i &ndk@&iggf have beeén derived with the as-
sumption that the ion is at rest. The fact that the ions have a directed
velocity caused by the pressure gradient leads to the additional directed

electron disPlacement?Aiiﬁ + The magnitude of this displacement can be

determined by means of Einstein's relation between the diffusion coeffi-

cients and the mobility of the particles. In order to apply Einstein's
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relation it is necessary to change to a reference system in which the
ions are at rest. This reference system moves relative to the labora-
tory system at a velocity equal to the velocity of directed motion of
the ions u (see (2+46)). In the moving system, there arises an elec=-

tric field whose strength is equal to

. TVn, - T © 9ng
.E._-c—[ M=ot E.= Ty ox,.L' <E,=0. (2.59)

B

When acted upon by a wéakmelectrlc fleld, the electrons should move along
the electric field as a result of the collisions, and their average dis=-
placement per unit time should be proportional to the field strength:
(AXar)=pE. (2.60)
The electron mobility f‘ may be determined by means of Einstein's

relation

z “*‘“’7*1)
' (2.61)

The diffusion coefficient entering into this relation is, as we know,

determined by the mean square of the displacement

D_”.%((.AX.;)”){% (2.62)

Using equalities (2.59) - (2.62) we obtain an expression for the
mean displacement of electrons which is associated with the directed
motion of ions

(MK = — 24 (BX.

i3

(2,63)

A more detailed treatment of the mechanism of electron displacement
associated with the transverse relative motions of the electron and ion,
given in ref. [38], has shown thag the average displacementéagﬁga is
chiefly determined by electrons_of small longitudinal velocities., The
deviations from the Maxwell distribution in the region of low longitudinal
velocities may result in a substantial change inukﬁﬁqyj_ and hence in the

diffusion flow of the particles.
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Formulas (2.53), (2.56) and (2.63) determine (AX,) and ((AX,)?% ;
(AX,) is obtained by summing up (AX,) and (AX.n)) . Using these formulas
and (2.11), we obtain the following expressions for the flow of electrons
in the direction of the concentration gradient caused by their collisions

with ions at Q<P : - e

= _ 27m, \Ma et ; L L dn 1 ang N,
1 P = -*( e ) 7;7LpLuna"iZ;(5a;;: Xt )t (2.64)

8. Diffusion of ions caused by their collisions with electrons at

QL Pk, When\@i>}?’, the effect of the magnetic field on the motion of
the ion may be neglected. An important result of the collision for the
ion is in this case the change in its velocity. The transverse displace-

ment of the leading center of the ion, according to (2.12), is given by

the relation ﬁ L " oo
. ; mie ¢ ’ -
1% _‘ ARie) = 7ogp [AVih] = 5 \ [Fih] dz. (2.65)

The integral on the riéﬁf”é{&émdf (é;65)‘éi§es éﬁémzipulse acting on the
ion in the process of collision. Comparison of relations (2.65) and
(2.46) shows that the displacements of the ion and electron are related

by the equality 1 AR )
| - ie], = .

VZI

(2.66)
The relation between the displacements(Aﬁib andTU&Xé} ; averaged
and summated over collisions, may be determined if equality (2.45) is
used: S SV OREON
_f'(AXie)?-:—Z%—(AX,,a (i~

(2.67)
(the concentration n, in the expression for?{AX;§ should be replaced by
ne).

The relation between ((AX,):) and{(AX,)?) is determined, in accord-

ance with (2.45) and (2.66), by the relation

(BX = 7 (AX)D - (n—n,). (2.68)
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Using formulas (2.11), (2.67), (2.68), (2.53), (2.62) and (2.56),
it is easy to find the diffusion flow of ions in the direction of the

concentration gradient caused by their collisions with electrons
. 2nm, "\Y2 c?e? o/ 1 ong. 1 0n, \_ 1
Tyy= "’('T'T."') gt z’I‘v 7 w4 =z T (2.69)
As is apparent from relations (2.64) and (2,69), the collisions between
electrons and ions at Q;> p > Q.. as well as|g,» p , independently of the

strength of the electric field, result in a dipolar diffusion flow.

9. Diffusion caused by collisions in which for both of the colliding

particleﬂ{§32>. In collisions where |es€ p for both particles, the latter

drift in a direction perpendicular to the magnetic field and joining their
lines. The drift paths of the leading centers are illustrated in Fig. 4,
When particles with like charges collide, both of the leading centers drift
around each other (Fig. %a). This means that there is an average displace-
ment in the direction of the concentration gradient. Particles of opposite
sign and equal charge drift along a straight line in the direction perpen-
dicular to the impact parameter (Fig. 4b). In such collisions, the aver=

age displacement parallel to the concentration gradient is equal to zero.

R

@n' ‘ % on
} ' 4Ry

Fig. b,
The transverse displacement of the leading centers of particles of
the "o kind in the process of their collision with the "8" kind is given
by the velocity of thelr drlft-

3

°°‘(t) = zdaz S (Fuph) dt-—;_ K V (reg) Iregh] (2.70)

00
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Since the interaction of the particles is weak (see p. 31), the components
of the vector T8 directed from the leading center of particle "g" to the
leading center of particle "o are given by the equalities

| xaB—Pa'*‘Sax-—Sﬁx. ./as—-p,,+sa,,-~85v, zug-vt (2.71)
Since the displacement due to drift is much less than the‘lmpact parameter
58 Kp (see (2.50)), in calculating the particle displacement with the aid
of (2.70) and (2.71), one can make use of the method of successive approxi=-
mations. To a second approximation (i.e., carrying out the calculations
to within the terms proportional to (s/p)a, we: obtain the following expres=-
sion for the displacement of particle "o'':
= ifvf pu‘ S V(roqs)alz---iz—-————m—-—*ﬁ (Z“}j;az.ﬁ,)e [ io V (rap) dz]’. (2.72)
When this expression is used, it is also easy, as was done for other

cases, to calculateRAX;Bx““AX;Qéj and the diffusion flow of the particles

27 22 ' 1. Bn : K
raﬁ"’"— .-( MGB )1/2 ce L Lnan;;ZB(Zg ’,q L a:;?) (2373)

ng
The coefficient L_ in (2.73) is given by formula (2.58b).

From expression (2.73) it is apparent that the diffusion flow caused
by collisions of like particles when §’<k: p as well as in the case when
S? > p, is absent; the flow due to the average displacement in the di-
rection of the concentration gradient offsets the diffusion flow deter-
mined by the mean square of the displacement and directed against the
gradient., As in the case where §H£> p, the change of the flow to zero
takes place only when the calculation is carried out to within the first
derivative of the concentration. The inclusion of higher derivatives and
of the inhomogeneous electric field (see p., 25) gives the flow caused by
collisions of like particles.

For a plasma consisting of electrons and ions of one kind, the ratio
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of the dipolar diffusion flow proportional to higher derivatives of the
concentration to the flow proportional to the concentration gradient
(the flow caused by collisions of electrons with ions), is given in

order of magnitude by the following equalities [39]
ol g |

: "_r'f-“:"'%: where Qe«F«Qn (2,74)
- I I.’m-'rx.l’mm)' o L
T -:"-T ’Where <o (2.75)

Thus, the contribution of collisions of like particles into the
diffusion flow is nonessential.

10, Summary of results. Table II gives a summary of the formulas

for the transverse flow of charged particles in the direction of the con-
centration gradient caused by different types of collisions (the formulas
are written in the vector form),

The expressions for the flow associated with collisions of charged
particles with one another have been given for three cases characterized
by different rations of the Debye radius (rd) to the mean Larmor radii
of electrons and iQnS‘E;:E; .

When.2;> h; the diffusion flow is determined by expression (2.35).
lisions of electrons with ions is the sum of the flow associated with the
collisions for which 37215; (this flow is given by formula (2.35)) and of
the flow associated with collisions with(ﬁ'>>aé (this flow is given by
formulas (2.64) and (2.69)).

Whenééﬁigi the diffusion flow of electrons and ions is obtained by

summing up the flows for the three ranges of values|p(p < g, 0,< p""<¥"\§i,:p>”3i),
given by formulas (2,35), (2.6k), (2.69), and (2.73).
The formulas shown in the table thus enable one to find the diffusion

flow of charged particles across a magnetic field in a plasma of various

37



Type of Flow

Table II

Flow of charged particles
caused by their collisions
with neutral particles
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compoéitions. Using these formulas (see also (2.26)) it is easy to ob=
tain an expression for the dipolar flow of charged particles in a plasma

composed of electrons, one kind of ions and neutral particles [0%$=ZQQ:

: P Pen+P£""'"Da_]_V_L (2.76)
oo, Pi_]_ P“—}- P“—— _‘DG.LV.Lni’ (207?)
o Z;41 T
P L 'Da-l-_.:%‘ ( Ven < Vei)y (2.78)
- : : “Z2etn; N
i »'-~“(2 )/ "‘—17;;;37;-’\, - (2.79)
L ! ' —
é ln—;; at\rd<<ge, (2.80&)
V rq v,, ";—— . =
? A= ln~L+ . In-& 2. l Ug , at “Q‘,({rd({Qi,' (2’80b)
lng——«}- TA .___+ ln e 1n ("in) Vs ~
@ fe ap | 420 (2.80c)

| =5 C =
v . m; i
g - 15 equal to the smaller of the values —— and i%ﬂi
0 ; e ¢

We have intré&uced here the coefficient of dipolar diffusion de_ de~
termined by the effective frequencies of collisions between electrons
and atoms (relation (2.24)) and with ions (2.79). It has been assumed
in the calculation that the temperatures of the electrons and ions are

the same (see p. 22).

2. Solution of Certain Diffusion Problems

Given below are the solutions of a series of boundary value problems
for the diffusion of a plasma in a magnetic field. These solutions are
necessary for an analysis of the experimental results.

l. Diffusion equations and boundary conditions. 1In this chapter

we shall consider a plasma composed of electrons, singly charged ions and
neutral particles., The electron and ion temperature will be assumed in=-
variant in the process of diffusion (constant in space and time).

The change in the plasma concentration (n = n = ne) is determined by
the diffusion flow of charged particles (I = nu) and by the processes of

jonization and neutralization in the bulk:
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| -~ on "~ on

It is evident that because of the quasi-neutrality of the plasma, the
flows of the electrons and ions are related as follows:
| Wr=VI.. (3.2)
The changg in the concentration of charged particles associated
with bulk processes, &n/ 51:, may be represented by the sum
| on

| e =an—ant, (3.3)

the first term of which givegwégé fate‘éf ionization and the second,
the rate of the electron-ion recombination. The average frequency of
ionization z and recombination coefficient are assumed to be independent
of the concentration. Formula (3,2) does not allow for the change in
the plasma concentration due to the capture of electrons by neutral atoms
and subsequent ionic recombination. Therefore, the results obtained by
means of equations (3.1) and (3.3) are valid for the analysis of diffu-
sion in gases having a small effective cross section of negative ions
(for instance in "electro-positive'" inert gases)*.

We shall now apply the diffusion equation (3.1) to three special
cases.

a) Diffusion of charged particles of a weakly ionized gas in a

bottle with dielectric walls., In the case where the plasma is bounded

by dielectric walls the flows of electrons and ions should be identical
in all parts of the walls. It is therefore possible to seek a solution
of equation (3.1) and (3.2) for which the flows of electrons and ions in

the direction of the concentration gradient are the same over the entire

: Let us note that the extension of the results obtained in this section
to the case where the process of capture of electrons is essential may be
carried out without difficulty. We do not cite the corresponding formulas

so as not to encumber the paper.
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volume:
Pe”:—-_ri]:. 'Pe;,_=l‘i_1_‘
' ‘ (3.4)
i.e., the diffusion is dipolar (see p. 7). Substituting expressions

(1.23) and (1.24) determining the dipolar diffusion flow, into (3.1),

we get the equation of dipolar diffusion

.. on o
e Dy 2w —DLalbjn=2zn. (3.5)

Here:Ain==§§_+§%.; it is assumed that the recombination in the weakly
Y

ionized gas is not important.

When a current flows through the plasma, the equation of dipolar
diffusion (3.5) is also valid if the density of the electron and ion
flows can be represented as a sum of the "flow" components, whose di-
vergence is equal to zero and the "diffusion" components, related by
equality (3.4).

The distribution of the electric field in dipolar diffusion is given

by relations (1l.21) and (1l.22)

o Dy=Du i o PuPuly
E;= }Li“"}l-c“’_l.az 3 » 1 Ry —He B ) (306)

The condition for the existence of a potential electric field

(rot E = 0) determined by these relations is the equality

‘P@lnn _ alnn =0
dzgz . .- 0yoez '

(3.7)

from which it follows that the dipolar diffusion in a magnetic field can
be present only if the space distribution of the concentration is a pro-
duct of the functions dependent on the longitudinal and transverse co=-
ordinates:

n(x;és#)==ﬁw@)nL<xfy¥ (3.8)

We shall subsequently consider only such distributions,
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In accordance with relations (3.6), the potential of the dielectric
walls of the bottle containing a plasma in a magnetic field is found to
be non-uniform. In a strong magnetic field, the walls of the bottle
perpendicular to the magnetic field are charged negatively (since the
diffusion coefficient of electrons along the magnetic field is much
greater than the diffusion coefficient of ions) while the walls parallel
to the field are charged positively (the coefficient of transverse dif-
fusion of electrons is much greater than that of the ions).

b) Diffusion of charged particles of a weakly ionized gas in a

bottle with conducting walls. In the case where the walls of the bottle

are made of a high-conductivity material, the potentials of the walls be-
come equal, and consequently, the distribution of the electric field in
the volume changes and the dipolar mechanism of diffusion is correspond=-
ingly disturbed. This effect was first noted by Simon [47, 48] who
called it the "short-circuit effect". The diffusion of a weakly ionized
gas in a bottle with conducting walls should be treated by means of equa~
tions obtained after substituting into (3.1) and (3.2) the relation for

the flows (l ;Q) and (1.11)

| 3? Dﬂl[ 6z2 e o ("E )] De.L [AL"-F-—VJ.("E)J =zn,  (3.9)

Dey ‘;’;’; i 2 (nE)] +DeJ_ [A_l_n+~——V_L(nE)] -
o u.._.gDi“[%?;ﬁ.T (nE'z)] +Dm [A_Ln-——-V_L(nE)] (3.10)
These equatlons must be supplemented w1th the condltlons of equi-potenti=-
ality of the walls (i.e., plasma boundaries).

We shall subsequently seek the solutions of equations (3.9) and
(3.10) considering that, as in the case of dipolar diffusion, the come
ponents of the electric field are proportional to the components of the
concentration gradient:

Ez.-——_g—fl——g;, EJ‘-..—.:E%—V.LH. (3011)
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If we assume that the boundary concentration of the plasma is constant,
the equipotentiality condition (in contrast to the case of dipolar diffu-
sion) leads to the identity of the coefficients g) in the expressions for
*
Ez and Ej_ .
Substituting (3.11) into (3. 9) and (3%.10) we obtain
-——-——Dcu <1 + E)'d—i—DeJ_(i“}"r—?“‘E) Ayjn=zn, - (3.12)

(1+gf V(P L+ Despyny=(1-8 7 )(Dau > +Di.LA.L"> (3.13)
These equations will be used in the analysis of diffusion in bottles with
metallic walls, |

¢) Transverse diffusion in a strong magnetic field. In considering

transverse diffusion, we assume that the plasma concentration is independ-
ent of coordinate z directed along the magnetid field. In this case, the
diffusion may be dipolar independently of the walls bounding the plasma.
Indeed, according to equality (l.22), in transverse dipolar diffusion,
the potential at any point is uniquely determined by the plasma concentra-
tion. Therefore the potential of the walls is the same regardless of
their conductivity. Substituting into (3.1) the expression (2.78) for the
coefficient of dipolar diffusion we obtain an equation describing the
transverse diffusion in a strong magnetic field:

—bﬁJ;V_L [(1+vn)VJ_n]=;éin'—an’. ' (3.14)
In equation (3.1&)TD3L is the coefficient of dipolar diffusion due to
collisions of charged particles with neutral ones (the "linear part" of
the diffusion coefficient),

'Ynz".\';;:' (3015)

and|D,, .~ynD | determines the coefflclent of diffusion due to collisions
of electrons with ions. The coefficient vy in accordance with (2.79)
The variation of the boundary concentration within certain limits is not

essential, since the potential of the walls in accordance with (3.11) shows
a logarithmic dependence on the boundary concentration,
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has a logarithmic dependence on the concentration. This weak dependence
of vy on n will henceforth not be considered.

In order to make the solution of the equation obtained definite, it
is necessary to establish the boundary values of the plasma concentration.
The concentration values in the vicinity of the absorbing walls in the
absence of a magnetic field have been determined in many studies (see, for
example, [49]). In ref. [50], an analysis is given for certain cases of
the influence of the transverse magnetic field on the boundary conditions.
We shall not give an account of the results of these studies. It is suf=-
ficient to indicate that in most cases where a diffusion treatment was
applicable (see Table I), the concemtration of the plasma in the vicinity
of the absorbing wall was found to be substantially smaller than the con=-
centration in the central region. Therefore, in solving the diffusion
equations (3.5), (3.12), (3.13) and (3.14), the concentration at the
boundary (in the vicinity of the walls of the bottle) will be assumed to
be zero:

=0 (3.16)

2. Steady "diffusion" conditions of a plasma, As we know, the

steady diffusions of a weakly ionized gas is achieved in a "long" posi-
tive discharge column in which the magnetic field is directed along the

axis. Equation (3.5) for this case assumes the form

Apptpn=0. (3.17)

¥
The distribution of the concentrations is given by the non-negative so-
lution of equation (3.17) which becomes zero at the boundaries., (Such
a distribution is called a "diffusion" distribution). The characteristic

relation

TUAY (3.18)
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should then be fulfilled, which represents the equilibrium condition,
i.e., the equality of the rates of formation and "removal" of the
charged particles. The quantity /\o is of the order of the transverée
dimensions of the plasma container and is called the "diffusion length."
When the plasma bottle is cylindrical in shape, the diffusion distribu-
tion and the diffusipn length are given by

n=noJ;-(7§;->f- Bo= Fag* (3.19)
where J_ is a Bessel function and a is the radius of the bottle.

The quantities Z. and DaJ_ are uniquely related to the electron

1
temperature. Therefore relation (3.18) can be used for its calculation.
Since, further, the electron temperature in the positive discharge col-
umn is determined by the longitudinal electric field, the magnitude of
this field can be calculated as well as the steady plasma concentration,
which is inversely proportional to the electric field strength.

As the magnetic field increases as a result of the decrease in the
diffusion coefficient, the necessary electron temperature and longi-
tudinal electric field strength should decrease (see Fig. 14). The
plasma concentration should correspondingly increase when the discharge
current is fixed.

Thus, by determining experimentally the change of the electron
temperature with the magnetic field and the change in the electric field
strength or plasma concentration in the positive discharge column, one
can estimate the influence of the magnetic field on the coefficient of

transverse diffusion. It should be noted that Te, E, n, change rela-

z
tively slowly with a change in Dd.L « A two to three-fold change in

=309 i .
DaJL causes a 10~3%0% change in Ez’ n
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3. Diffusion of a stationary charge from the plasma. Under con-

ditions when the region of the active discharge occupies a part of the
discharge bottle, there occurs a diffusion of the charged particles from
this region. At some distance from the active region of the discharge,
there can be established a low electron temperature at which there is

no gas ionization. We shall consider below the diffusion of charged
particles from a stationary discharge into a region where there is no
ionization, using several cases.

a) Weakly ionigzed gas; dielectric bottle; boundary of the active

region parallel to the magnetic field (Fig. 5). The diffusion equation

(3.5) for the case under considerationi(%ﬁ:O,zi=@) assumes the form
Da“%:—nr'i‘DaJ_AJ.nzo. | (3.20)

We shall cite the solution for this equation of type (3.8); this
solution becomes zero at the boundaries and rises monotonically from the
boundaries to the center of the volume. When the boundary of the diffu-

sion region and the walls of the bottle are planar, this solution is

given by the equality

n(z, z)mAsin-’-f};shl-%-]/ %f%@,-{x)]-. (3.21)

ey
If W}/f_ﬂLﬁﬁ%rﬁL§si » the hyperbolic sine can be replaced by the ex-

4 Da_[_
ponent: o
: -
n(2,2)~ BsinZle °L, (3.22)
d D
L=zl B (3.23)

The solution obtained gives the transverse decrease in concentration if
the longitudinal distribution at the boundary of the active discharge
nz

e N : .
region is sinusoidal (suxd) + It can be assumed that a concentration

distribution close to (3.22) is established at a sufficiently great
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distance from the boundary of the active region (where f%fﬂ.>1 ) for

other boundary distributions as well.

]
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Fig. 5. Diagram of the discharge
volume.
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The solution of equation (3.,20) for é cylindrical shape of the
boundary of the active discharge and a cylindrical shape of the bottle

is found in similar fashion. When ((a;—7) > s, (" —a) > s) , this solution

has the form
,

— —

— . iti e BJ.
n(r,z)= Bsin (3.24)

d -

Thus, at a sufficient distance from the boundary of the "active"
discharge region and from the walls of the container, the plasma con=-
centration drops exponentially. The characteristic length of the "con-
centration” S (the length at which the concentration decreases e times)
is of the order of magnitude of the distance to which the charged parti-
cles are able to diffuse across the magnetic field during their lifetime.
Indeed, relation (3.23%) for %l. may be rewritten as follows:

m€¥mlfﬁzﬁ;,rn= ;5%F.‘ (3.25)

The lifetime of the chargea particles in the case under consider-

ation is equal to the time of their longitudinal diffusion.

b) Weakly ionized gas; metallic bottle:; boundary of the plasma

parallel to the magnetic field. As already indicated, the dipolar mech-

anism in a magnetic field is disturbed in a bottle with conducting walls.
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The diffusion of the stationary charge from the plasms was studied for
this case in the work of Simon [47, 48] by means of equations (3.9) and
(3.10). 1In his treatment, Simon neglected in these equations the terms
containing the transverse electric field %J,‘ As was indicated in the
work of Zharinov and Tonks [51, 52] such an omission is not justified.
It is readily seen that the terms containing E; in equations (3.9) and
(3.10) are of the same order as the terms describing the transverse dif-
fusion. In reference [52] a correct analysis was made of the diffusion
from the plasma of a stationary discharge in a magnetic field (for the
planar caseS for various boundary conditions corresponding to dielectric
and metallic container walls. However, concrete results were obtained
in this study only for a definite relation between the longitudinal and
transverse dimensions of the bottle.

It is easy to treat the diffusion in a bottle with metallic walls
by means of equations (3.12) and (3.13). For the diffusion of a sta-
tionary discharge from the plasma G%::O,a==0) s these equations may be

represented as
(14451) (DG + Do 8yn) =0,
<1-—%§> (Dill%-FDi.LAJ.n)“‘O- (3.26)
Two groups of solution for equations (3.26) are possible, corre-
sponding to the positive and negative potential of the metallic walls.
Iﬁ most cases, the walls should acquire a negative charge since the

electrons reach them faster than the ions. Equations (3.26) are then

reduced to the following equality

Dy 4 Dy A =0, (3.27)
S
=— (3.28)

According to (3.11) the electric field strength is given by the relation
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E= __TgVn
en ° (3‘29)

It is easy to see (see (1.10) and tl.ll)) that the field distribution
given by these relations leads to the absence of electron flow in the
whole region of diffusion. The electrons are "locked" in this region
owing to the negative potential of the walls.* The distribution of the
concentration éf charged particles is given by equation (3.27) which
describes the diffusion of ions. This equation is the same as equation
(3.20). Therefore the formulas (3.21)-(3.25) obtained above may be ap-
plied to the case under consideration if their coefficients of dipolar
diffusion are replaced by the diffusion coefficients of the ions. 1In
particular, the characteristic length of the concentration drop as-
sociated with diffusion in a metallic bottle is given by the equality
(cf. (3.23) and (3.25)) _ e

;S:L#Vm“'%]/%,t" (3.30)

¢) Weakly ionized gasj; dielectric bottle; boundary of the active

discharge region perpendicular to the magnetic field (Fig. 6). The so-

lution of equationm (3.20) for cylindrically symmetrical boundaries in

which we are interested is

n(r, z)--AJ h[l/ W*"MJ (3.31)
| (A L D o

or when (d-—-z) > A Da;_;‘
a
; ~-Z (3.32)

n(r,z)=BJ, (—E—;) e W,

Dﬂll 5> Al
‘ S” == l/ DabL 40= VD““T.L (T_L == Dal) .

*T,et us note that the total number of electrons and the total number
of ions which then reach an isolated metallic wall should be the same
under steady conditions. However, the electrons should reach the wall
outside of the region under consideration, i.e., in the region of the
active discharge or at the boundary of the diffusion region.

(3.33)
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The characteristic length 5, 1is determined in this case by the dis-
tance to which the charged particles are able to diffuse along the
magnetic field during their lifetime (equal to the time of transverse
diffusion).

By measuring the value of S}’ s it is of course possible to deter-
mine the relatiqnﬂDqL@%ﬂ . It should be noted that in a strong magnetic
field, the length S may be much greater than the transverse dimen-
sions of the bottle.

Reference [53%] discusses the solution of the diffusion eguation
(3.5) for the more complex case where the plasma concentration at the

boundary of the active region periodically changes with time.

T H
— » & Fig. 6. Diagram of the discharge
I T T 2y — I volume,
- d * I. Active discharge regions;

II. Diffusion region.

In this case as well, the decrease in the concentration averaged over
time and the change in the oscillation phase of the concentration along
the length of the bottle are determined by the ratio of the diffusion
coefficients Doy Doy, +

d) Transverse diffusion in a strongly ionized gas at a large

magnetic field. Under conditions where the main influence on the dif-

fusion is exerted by the collisions of charged particles with one another,

*After the present survey was written, a paper was published by Golubev
and Granovskii [118] which described an experimental study of diffusion
in a cylindrical bottle for a constant and a periodically changing con-
centration at the boundary of the diffusion region. In this study, the
distribution of the concentration over the length of the bottle was
determined by sounding. Data were obtained on the diffusion of charged
plasma particles in helium and argon at magnetic fields up to 1500 Oe
The data obtained confirmed the feasibility of using the method proposed
by the authors in reference [53] for the study of diffusion.
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the transverse diffusion from a stationary plasma is described by equa-

tion (3.14) in which it is necessary to put on = =0, 2=0yn > L
zYDqLALOﬁ%~an2 o ' o (3.34)

The solution of this equation for a cyllndrlcal shape of the boundaries

(which become zero when r = a, ) may be written as

n“(r):::A [I (ﬂ)[{( ) - K, (ﬁ’i&)/o( )] (3.35)

De “ :

“an "

In the case where %:>3l’é;f7i>f§L (i.e., at a sufficient distance from
the axis and walls of the bottle), formula (3.35) may be simplified by
using asymptotic representations of the Bessel functions
. .
“?"

L (3.37)
.n (7') 1/4

The characteristic length S, is ‘the effective length of transverse
diffusion during the "recombination' lifetime of the particles.

L, Diffusion in a decaying plasma. In this section we shall con-

sider the plasma decay occurring after the ionization sources have been
turned off (for instance at the end of a pulsed discharge) in a cylin-
drical bottle whose axis is parallel to the magnetic field. The dis-
cussion concerns a later stage of the decay, when a constant tempera-
ture of the charged particles is being established that is close to the
temperature of the surrounding medium, and the gas ionization is absent
(z; = 0).

a) Weakly ionized gas; dielectric bottle. The equation for the

change in concentration taking place during the plasma decay is obtained

from (3%.5): ‘
xan aﬁn

‘D“"Bzz D“—L r ar DMO' ‘ (3.38)

A solution for this equation of type (3.8) which becomes zero at the

walls of the cylindrical bottle (when z = O, &, when r = a) may be
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represented in the form

- (Zel ““"” (3.39)
+
”(T,z,t)——z,Ae <Ah >J< ) :tz
. o A
. e ——
‘Ak = %o == 2,405, x1~5 520 %y = 8,653, .
Here X are the roots of the Bessel functlon.hﬂxg-— g and k in-

creases with the root.
The coefficients Ak are determined by the initial transverse dis-
tribution of concentrations (the longitudinal distribution is assumed-

to be sinusoidal). If the initial distribution is of the "diffusion"

type (3.19), only the first term remalns in the sum (3.39)

. Rz
n(r, 5,.t) =nge .v‘fo (A )Smd (3.40)
4ttt By 4 Dy
k1 ."'f_L"T"', T_L_Ag ! T” ‘, dz . (5-1"'1)

The space distribution does not change with time, and the plasma decay
obeys the exponential law. The decay time constant T is determined by
the diffusion coefficients. For an arbitrary initial transverse distri-
bution of the concentration, the diffusion distribution (3.40) will be
established in a period of time of the order of several T after the
start of this decay, since the decrease in time of the terms of series
(3.39), which correspond to higher types of distributions (terms with

k > 0), takes place faster than that of the basic type.

b) Weakly ionized gas; metallic bottle. The plasma decay in a

metallic bottle is described by equations obtained from (3.12) and

(3.13) : ?_;—_D . N
ket cll( +T §> - cL(i-L-mg> L ar( )
f’m-,——bz”(i—-mg)gj:_." oo (1-f8) 12 (3.42)

A solution of this equation in the form of a diffusion distribution
(3.40) and can be readily found [5h4]. Such a distribution is established

over a sufficiently long time after the start of the plasma decay.
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Substituting (3.40) into (3.42) and solving the system of equations
with respect to T and & (the quantity according to (3.11), determines

the potential of the metallic walls), we find

i Ty
I v (3.43)

ST

e Te—Tj
=t (3.44)

; T,
I ¢ rt'{"i‘j Te

The quantity T7,, T3 designates the effective time of the "free,"

i.e., unchanged by the space charge) diffusion of electrons and ions:
4 D"i D nt 1 DiL DiII“B

RS RO . | St 5 SN Wt 1
Te A} I A ¥ FER (3.45)

The rate of the free diffusion of each type is equal, according to
(3.45), to the sum of the rates of the longitudinal and transverse dif-
fusion. Accordingly, the effective diffusion time (?e’ T’i) for each
tyﬁe of particle is found to be faster than either of these processes.
The plasma decay constant is in turn determined by the greater of the
quantities 7?6 and T} (when T,~T; ).

It should be noted that in the general case, the distributions of

the electron and ion flows on the walls are not the same. Thus, when

nt D DR p .
7 o . . . .
lhw3§§>jéf,—%;~<i-ﬁ§ (this case occurs in a strong magnetic field when
' 0

d » a), the electrons diffuse mainly along the magnetic field toward
the end walls and the ions diffuse across the field toward the lateral
surface of the bottle. The currents thus produced connect across the
metallic walls.

We have considered the diffusion decay of a plasma bounded on all
sides. In the case where only a part of the surface bounding the plasma
is metallic (the ends or the lateral surfaces, for example), a solution
of the decay equation becomes difficult.

¢) Transverse diffusion in a strongly ionized gas. Plasma decay
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occurring as a result of diffusion across a strong magnetic field and

recombination is described by an equation which can be obtained from

(3.14): ! an 1 0 -
%wme977-rﬂ)+WWinionﬁ-~m?

ot - or

(3.46)
For an appreciable degree of ilonization, when the diffusion caused by
the electron-ion collisions and the recombinations are essential, the
decay equation (3.46) becomes nonlinear. It then becomes convenient to
characterize the plasma decay by the time constant defined by the average
cross-sectional concentration:

1
s‘ T-m:_‘ (3-47)

\\5=;ﬁ-§n<r)rdr. (3.48)

0

Let us note that in the preseh;;‘of.ﬁénlihear processes, 7¢ is independent
of the concentration, i.e., the plasma decay is not exponential.

Equation (3.46) cannot be solved in the general form. Reference
[54] gives an approximate solution of the equation for a series of limit-
ing cases which apparently describes a later stage of plasma decay. When
equation (3.46) was solved to a first approximation, it was assumed that
the right side of the equation was independent of the coordinates. The
method of successive approximations was used to obtain a more accurate
solution.

Fig. 7 shows the radial distribution of concentrations obtained from
the approximate solution for several cases.

Curve 1 obtained for conditions where the nonlinear processes are
method employed. The concentration distribution, determined to a second
approximation, differs only slightly from the diffusion (3.19), which is

an exact solution of the equation (broken curve).
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Curve 2 represents the distribution of concentrations for the case
where the main process of electron removal is the diffusion caused by

electron-ion collisions(Yn>>L(1<1iﬁi&f). The plasma decay constant is

then determined by the equality

=3,80ei (3.49)

A D% n
—-1— = 3,8 Y ol 3
a

1(2) at

Under conditions where the essential diffusion is due to electron-ion
and electron-atom collisions, and the recombination may be disregarded,
the concentration distribution in the process of plasma decay changes
from curve 2 to curve 1, The reciprocal of the decay constant can then
be approximated by the sum of the values pertaining to the limiting
cases: e

ar e (3.50)
(the accuracy of this approximation is not worse than 20%).

At a high degree of ionigzation, when the diffusion due to electron-
ion collision is nonessential (y2 > 1) and the main processes of electron
removal are the linear diffusion and the recombination, a radial distri-
bution is established that is independent of time. As can be seen from

the graph (curve 3), even when the influence of recombination is
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aa? T
significant;(;g{i=w&5), the distribution is not very different from the

nonlinear diffusion distribution (curve 2). The plasma decay constant

. aa?

at 2§5TI<: can be approximated to within 10% by the formula
a

S 1 3,8 5 =
—=22D,+1,2n. (3.51)

T
In the case where linear diffusion and recoﬁbination are essential, the
method described does not permit one to find a solution for equation
(3.46). Reference [55] offers an approximate treatment of this case,
taking into account the longitudinal diffusion based on the decay equa-
tion averaged over the volume. In averaging the equation it was assumed
that the space distribution of the concentration is diffusional (formula
(3.40), curve 1 in Fig. 7). Therefore, the solution is valid when the
role of recombination is relatively minor. The plasma decay constant ob-
tained from such a solution for conditions where the longitudinal diffu-
sion is nonessential is found to be equal to

= Di+ 1 dan. (3.52)

In the general case when all thfee of the processes of electron re-

moval under consideration (linear and nonlinear diffusion recombination)
are essential, the radial distribution of concentrations should obviously
be represented by the curve situated between curves 1 and 3 in Fig. 7
(when:%%%i<15 ). A correspondingly approximate expression for the re-

ciprocal of the plasma decay constant may be obtained by combining for-

mulas (3.49)-(3.51):

N I Y T

T Tt (}fhien?;‘“’S%:: ’ (3.53)
1 58DY 1 38D, 1 o=

T A e =12 (3.5%)
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ITI. EXPERIMENTAL INVESTIGATIONS OF THE DIFFUSION
OF CHARGED PARTICLES OF A WEAKLY IONIZED GAS
IN A MAGNETIC FIELD

L, Diffusion of Electrons in a Neutral Gas

Before evaluating the results of the experimental investigations
of the diffusion of charged plasma particles across a magnetic field, we
shall present the available experimental data on the transverse diffu-
sion of electrons in a neutral gas.

The diffusional "dissolving" of an electron beam passing through a
gas parallel to a magnetic field was studied in the early work of Bailey
[561. In this work it was found that in hydrogen at pressures of 2-16
mm Hg and magnetic fields less than 800 Oe, the transverse diffusion of
electrons is adequately described by formula (1.11).

A more detailed study was undertaken by Bickerton [57]. The dia-
gram of his instrument is shown in Fig. 8a. In this instrument, elec~-
trons released by an incandescent cathode C, moving in a homogeneous
electric field, enter a cylindrical diffusion chamber through a small
aperture O. A transverse diffusion of electrons takes place in the
chamber, the magnetic field being directed parallel to the axis of the

dlatter.

AT )
E -
# =T ?ﬁf,

Fig. 8. Diagrams of experi=-
mental instruments.

= C feathode/
m = C1 [eollector/

The increase in the transverse dimensions of the electron beam during
the motion of the electrons from the entrance aperture to the collector

is given by the order equality

Ar%VZLDe_LT:—‘ 1/4D8_L-1;;I- r (L" 1)
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(d is the length of the chamber and ulle'is the longitudinal electron
velocity in the electric field).

The value of| uq/DcL can be found by measuring the ratio of the
curves on the ring collector K1,2 and the central collector K7 1 which
characterizes the expansion of the beam. Fig. 9 shows the results of
a determination of this quantity in helium at small currents at which
the space charge does not affect the motion of electrons. The data
cited were obtained for conditions under which the electron emission

from the collector, which alters the result of measurement, was absent.
. l60y
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The experimentally determined dependence of 'ﬁqJDu_ in helium and hydro-
u N

gen on the magnetic fleld( ”‘ﬂvﬂm) and on the pressure .JL;,;_ is in

good agreement with the theoretical dependence given by relations (1.10)

and (1.11):

“eH __iﬁlf. <%) ( (veny ;:ﬁ; wﬁen 0 > Ven) (4.2)

(Ke is the average electron energy).

The study of the transverse diffusion of electrons at lower pres-
sures and over a wider range of magnetic fields was made by Zhilinskii,
Terent'eva and the author. A diagram of the measurements is shown in

Fig. 8b. According to this diagram, pre-accelerated electrons enter
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through the orifice into the diffusion chamber where there is no elec-
tric field. Once in the chamber, the electrons reach the collector by
diffusing along the magnetic field. 1In the course of the longitudinal

diffusion the electron beam expands to a size of the order of

‘; r=rO+Az', Ar~ V4D, Tt~ 1/2&% ) (4.3)

A measurement of the transverse distribution of current by means
of a sectionalized collector makes it possible to find the ratio of the
longidutinal to the transverse diffusion coefficients., The measurements
were carried out in helium, The electron energy seleqted was less than
10 ev so that inelastic electron collisions would be absent. The pres-
sure range was bounded at the lower end by the condition.@igfg which
must be fulfilled in order that the motion of the electrons be of the
diffusion type. The highest pressure was determined by the condition of
small energy loss of electrons in the course of their diffusioﬁ(%fzgfwh<1>:

Results of the measurements of the ratio of the diffusion coeffi-
cients for a helium pressure of 0.01-0.12 mm Hg and magnetic fields up

to 2000 Oe are shown in Fig. 10. The same figure contains a theoretical

curve obtained by means of equalities (1.10) and (1.11):

Doy 92 eH3 (4. 4)

: Pt was assumed in the calculations thaé%?;;?gaioéljgeagmmZHg‘,?(the fre-
quency of collisions between electrons and atoms of helium at energies
of 2-15 ev is approximately constant}. It is apparent from the graph
that the experimental results practically coincide with the theoretical
values; not only the dependence of‘DaMDqLon H and p, but the absolute
values of this quantity agree as well.

Thus, the experimental data show that the diffusion of electrons

across a magnetic field in a neutral gas (in the absence of transverse
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fields and for a slight effect of the space charge) is adequately de-
scribed by the known theoretical formulas. Let us note that in the pres-
ence of a transverse electric field and an essential influence of the
space charge, the transverse motion of the electrons becomes somewhat
more complicated. Thus, at low gas pressures, an instability of the
motion of the electrons and intense oscillations and noises have been
detected in static magnetrons (see, for example, reference t58]).

5. Diffusion of Charged Particles from the Plasma of a Discharge

with an Incandescent Cathode.

The first experimental data on the diffusion of charged particles

in a magnetic field were obtained from a study of ion sources published
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in 1949 [59]. A diagram of the apparatus described in reference L[59]
is given in Fig. 11. A stationary discharge between the incandescent
cathode K and anode A is maintained at a low gas pressure (10'“--10‘2
mm Hg). The plasma alqng the lines of force of the magnetic field pene-
trates through a diaphragm into the cavity of the anode assembly. The
size and shape of the region of the "primary" plasma in cavity I depends
on the size and shape of the anode diaphragm (in the experiments the
diaphragm was a narrow slit and the anode cavity was in the shape of a

rectangular parallelepiped). Charged particles of the primary plasma

diffused toward the periphery of the anode cavity.

| ::::% VA { Fig. 11. Diagram of the
. { ————————— experimental apparatus.
13

By measuring the concentration distribution of the charged parti-
¢cles in the plane perpendicular to the magnetic fileld, it is possible,
as was shown in 3 of Chapter I, to obtain data on the coefficient of
transverse diffusion. The measurement of the concentration distribution

% 21072 mm Hg). In order

was accomplished by means of a mobile probe (10~
to reduce the influence of the magnetic field on the sounding measure-
ments, the plasma concentration was determined from the ion current at
the probe (the probe was kept at a potential which was negative with
respect to the plasma).

The measurements determine the characteristic length of the con-
centration drop S; for several conditions in argon and hydrogen at a

pressure t::f/\JlO"3 mm Hg and a magnetic field of 3,000-4,000 Oe. Bohm

compared the experimental values of %L with the results of calculations
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based on the assumption of a dipolar character of the particle motion,
and came to the conclusion that the rate of the transverse diffusion is
approximately 2 orders of magnitude greater than the rate of dipolar
diffusion across the magnetic field [59]. The discrepancy was explained
in the work of Simon [47, 48, 7]. Simon showed that owing to the equal-
ization of the potential at the plasma boundaries, the diffusion in the
volume bounded by the conducting walls is not dipolar. As was shown in
3 of chapter I, the conducting walls should be charged to a negative

kT,

- hxg—,, so as to make the flow of electrons
D .

potential of the order of’
in the region of diffusioémzerélki.e., the conducting cavity becomes
a potential box for the electrons).

This is confirmed by measurements of the anodic current distribu-
tion described in the paper of Zharinov [51]. The measurements Were
made by means of a probe moved in the vicinity of the end surface of
the anode (a eylindrical instrument similar to the one shown in Fig.

11 was used). It was found, in accordance with the above, that outside
the region of primary plasma the electron flow to the anode was sub-
stantially smaller than the ion flow,

When the flow of electrons is equal to zero, the distribution of
the plasma concentration is determined by the diffusion of the ions.
The characteristic length SJ_ is given, in accordance with (3.30), by
the distance to which the ions are able to diffuse during their life-
time*: -

s T
SL= VDigwp,  wy =;ﬁﬁ“‘l‘ . (5.1)

!
i

*Let us note that the formulas used in [47, 48] differ from (3.30) by
the factor /2. This difference is due to the fact that Simon neglected
the transverse electric field in his calculation (see p. 48).
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Substituting expression (1.10) and (1.11) for the diffusion coefficients
of ions and assuming ® > Vin , we find

s$=%=§;¢— . (5.2)
This relation applies if the longitudinal motion of the ioms is of the
diffusion type, i.e., if/ A% <d. When|d >d} the lifetime of the ions

is determined by their thermal velocity

Ty d.ﬁ,-m‘ _@}m;nTine) (5.3)
and the quantity S is given by the order relatlon
1/, ad)2
m (e Lot (5.4)

To verify Simon's postulatlons, measurements were undertaken of
the dependence of S, on the magnetic field [48, '7]. The measurements
were carried out in a cylindrical anode assembly made of metal as in the
diagram shown above (Fig. 11). Most of the results were obtained in a

chamber filled with nitrogen at a pressure of 10™%-=5 x 1077

mm Hg and
a magnetic field of 2,000--14,000 Oe. The degree of ionization in the
primary plasma was less than 1%. A typical dependence of %L on H is
shown in Fig. 12. As can be seen from (5.1), this dependence is in
agreement with the theoretical one and corresponds to the quadratic de-
pendence of the transverse diffusion coefficient on the magnetic field
\CIZL““H'> Measurements of the dependence of the length § ;| on the
nitrogen pressure were also undertaken. When 5»1<<“Cl(“7~,<GCM, d=26 C-"f)
a linear increase of Si, with the pressure was obtained which agreed
with (5.2); when Aj~d(Mad=6cu) 1t was found that géifii (see 5.4)).
The absolute values of Sl. obtained in the experiments described

in [48] as well as in the first experiment [59], agree in order of mag-

nitude with the theoretical values, It would be difficult to expect
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Fig. 12. 1/s, versus H.
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a better agreement, since the effective collision cross section and the
jon temperature were known only very approximately.

Results of investigations of the concentration distribution of
charged particles diffusing from a stationary plasma are also given in
reference [60]. The difference in these investigations is that the
di ffusion was studied in a bottle of greater length (l1.2--1.5 m) and a
substantial part of the lateral surface of the bottle was made of glass.
A rigorous analysis of the diffusion is difficult for such a "mixed"
surface of the bottle. It seems probable, however, that whenj{i<{dﬁthe role
of the boundary conditions on the lateral walls is minor, and the
measurements of the length of the drop in the diffusion concentration
may be compared to the relatioms (5.2) and (5.4).

The measurements carried out in nitrogen and in hydrogen at a

pressure of 10_3 mm Hg have shown that the length 8; is inversely
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proportional to the magnetic field strength H (in the range up to

3,500 Oe). The order of magnitude of %l— agrees with that obtained

from formula (5.2). The quantity %L was also determined in HZ’ He,

NZ’ Ne, Ar, Kr at p = lO-5 mm Hg. Measurements at low pressure, how-
ever, are difficult to interpret since S.L is of the order of the Larmor
ionic radius and the standard theory is inapplicable.

Thus the experimental data obtained to date for the distribution
of concentrations in a plasma diffusing across a magnetic field from
a discharge with an incandescent cathode are in good agreement with the
Mecollisional™ diffusion theory.

It should be noted that no explanation can be obtained on the trans-
verse motion of electrons from these data, since under the conditions of
these experiments (in a bottle with conducting walls) the distribution
of concentrations is completely determined by the di ffusion of ioms [51].

In many experiments there were observed some anomalous phenomena in
the plasma of a discharge with an incandescent cathode; these phenomena
may be associated with a change in the character of the transverse dif-
fusion of the charged particles in the magnetic field,

As early as the first experiments described in Bohm's article [59],
it was found that the ratio of the electron saturation current at the
probe to the ion current in a strong magnetic field is comnsiderably great-
er than the expected value (in these experiments the collecting surface
of the probe was perpendicular to the magnetic field). This led to the
assumption that the transverse motion of electrons occurs faster than
the diffusion. Reasons for this belief were rather few since the exam-
ination of the electron branches of the sounding curves in the magnetic

field were very approximate.
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Further studies of the sounding characteristics in a plasma of a
discharge with an incandescent cathode were carried out by Zharinov [61,
62). In these investigations, holes were drilled in the face of the
anode, and the volt-ampere characteristics of the current were measured
with a probe located behind the hole. Ag the magnetic field rose to
some critical wvalue, the ratio of the electron saturation current to the
monotonic ion current decreased. At the "critical' magnetic field, this
ratio abruptly increased and at the same time intense oscillations of
the probe current were observed. Systematic measurements of the criti-
cal magnetic field were performed in hydrogen, nitrogen and helium in
the pressure range of 10"'2--—10"3 mm Hg. It was found that the critical
field rises in an approximately linear fashion with the pressure, and
that at a pressure of ~5 x 10"2 mm Hg, it amounts to approximately 500
Oe for H2 and about 1,500 Oe for NZ and He.

By comparing the currents to the different probes (the phases of
current oscillation were compared) it was established that at fields
greater than the critical, there are formed one or two plasmoids (ton-
gues) which revolve around the axis of the discharge. As the magnetic
field increased, the period of revolution of the tongue decreased. Simi-
lar phenomena are described in ref. [63]. The authors of this work ob-
served the revolution of the plasmoid in various gases, Ha, He, N2, Ar,
Kr, Xe, at pressures in the anode cavity between lO"q----lO-5 mm Hg (the
pressure in the gap between the cathode and the anode was kept at about

3

.'LO"3 mm Hg. At pressures of 1077 mm Hg in the anode cavity, the re-
volving plasmoid was not observed in reference [63]. In order to study
the formation and revolution of plasmoids in more detail, Elizarov and

Zharinov worked out a special technigue [64]. In these experiments,
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the end surface of the anode consisted of a metallic grid. The flux

of electrons or ions penetrating through the grid was transformed into

a flux of light. The electrons were accelerated by short voltage pulses
and, impinging on a fluorescent screen, caused it to glow. Under condi-
tions of an "ionic image,'" the ions were accelerated and knocked second-
ary electrons out of the grid; after being acgelerated, there electrons
were directed toward the phosphor. In these measurements, the discharge
was produced by pulses 1 msec long. By photographing the glow of the
fluorescent screen for various delays of the "sounding pulses' relative
to the start of the discharge, it was possible to record the distribu-
tion of the plasma concentrations over the cross section of the anode
during the period of formation an§ revolution of the plasmoids. Pre-
liminary results of investigations published thus far indicate that the
shapes of the plasma formations and their motions are quite varied.

It should be noted that the result of the various investigations
of the "anomalous" discharge conditions involving an incandescent cath-
ode, described in references [61--64], are contradictory in many respects.
The mechanism of formation of the revolving plasmoids is not understood.
The relationship between the effects observed and the transport phenom-
ena in the plasma has not been identified.

In a recent paper [65], Guest and Simon attempted to relate the
observed anomalies with the appearance of a corkscrew plasma instability
similar to the instability of the positive column of a discharge, earlier
examined by Nedospasov and Kadomtsev (p. 73). The corkscrew instability
may be caused by the longitudinal current in the region of diffusion
(as was indicated above, in diffusion in a metallic container, the ion

current on the periphery is not balanced by the electron current).
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It is not clear as yet whether the anomalies occurring in the dif-
fusion of a plasma from a discharge with an incandescent cathode can be
explained in this fashion, since a detailed comparison of the conditions
under which the instability arises with the experimental data has not
been made to date.

6. Diffusion in a Low Pressure Gas Discharge

Under many conditions of a low-voltage arc discharge (at gas pres-
sures of 0,1--10 mm Hg), the ionization of the gas occurs mainly in the
vicinity of the cathode (see [66, 67]1). The distribution of the plasma
concentrations in the space between the cathode and the anode is deter-
mined by the diffusion of the charged particles from the region adja-
cent to the cathode. If we assume that the temperature of the charged
particles is constant over the entire volume (outside the region of
jonization), we can apply to this case the results of the analysis per-
formed in No. 3 of chapter I. It follows from this analysis that at
some distance from the cathode the plasma concentration should decrease
exponentially in the direction of the anode. The characteristic length
of the concentration drop in a cylindrical discharge bottle (made of a
dielectric) along the axis of which is directed the magnetic field, is
given by the relation (3.33): B

i)/
W= zws Y Dy (6.1)

-

Nedospasov's work [68] gives experimental data on the distribution
of the plasma concentrations between the cathode and the anode of a low-
voltage arc discharge in argon placed in a longitudinal magnetic field.
These data were obtained by measuring the ion currents on the wall probe

which was moved along the lateral wall of the discharge bottle. The
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measurements determined the characteristic length S“ and the latter
was used to fiﬁd the ratio of the coefficients of the longitudinal to
the transverse diffusion|Day/DaL (see (6.1)). The variation of the ratio
{Dmﬂgggwith the magnetic field strength is shown in Fig. 13. As can be
seen from the graph, the experimental dependence at magnetic fields be-
low 1,000 Oe and argon pressures of 0.25~--1 mm Hg agrees well with the

theoretical dependence resulting from formulas (l.23) and (1l.24):
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7. Diffusion of a Positive Discharge Column in a Plasma

It has been stated above (see p. B4), that the main characteris-
tics of a positive discharge column -- the electron temperature, the
distribution and maximum concentration of the plasma, the longitudinal
electric field strength -- are determined by the diffusion of the
charged particles toward the lateral walls of the discharge bottle.
Therefore, by studying these characteristics in the presence of a mag-

netic field directed parallel to the axis of the discharge, one can
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obtain information on the transverse di ffusion of the charged particles.

Sounding measurements of the characteristics of the positive dis-
charge column in helium at low magnetic fields (up to 400 Oe) have been
carried out by Bickerton and Engel [69]. The results of the measure-
ments are in good agreement with the diffusion theory of a positive dis-
charge column. As the magnetic field increases, the electron tempera-
ture and the longitudinal electric field strength decrease, and the
plasma concentration increases. These results are also confirmed by
other studies. In the work of Vasil'eva and Granovskii [70] the dif-
fusion coefficient was measured directly in the positive column. The
plasma flow toward the lateral wall and the concentration gradient in
the vicinity of the wall were determined by means of probes (from the
ionic parts of the characteristics). The ratio of these values is equal
to the diffusion coefficient. The change in the coefficient of trans-
verse diffusion in helium corresponds to formula (1.24) when the magnetic
field increases to 500--1,000 Oe (at pressures of 0.07--1 mm Hg).

However, the condition of the positive discharge column depends on
the diffusion due to particle collisions only when the magnetic fields
are not too great. As the magnetic field increases, starting at some
"eritical" value, the rate of escape of the particles also increases.
At the same time, intense oscillations and noises appear. This effect
was first noted by Lehnert [71] and was studied in detail by Lehnert
and Hoh [72-74], Granovskii et al [75], Allen et al [76, 77] and in a
number of other studies [78-80]. We shall cite here some experimental
results.

In references [71-74] and [76-77], the investigations of the posi-

tive column were carried out in a discharge tube of considerable length
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(2.4~-4,1 m), placed in a homogeneous magnetic field. The cathode and
anode were outside the boundaries of the magnetic field. Measurements
were made of the potential difference between identical probes placed
in the plasma at some distance from each other, and from this value the
longitudinal electric field strength was obtained. The results of the
measurements in helium for a bottle radius of 1 cm are shown in Fig. 1k
by means of continuous curves. In the same figure, the broken lines
represent the theoretical curves calculated with the assumption that the
diffusion is determined by collisions.*

At small magnetic field strengths, the shape of the theoretical and
experimental curves is the same. Some differences are due to the in-
accurate values of the effective collision cross sections used in the
calculations. Beginning with the critical magnetic field Hcr’ the mag-
nitude of the longitudinal electric field strength in the positive col-
umn increases. This indicates an increase in the rate of escape of the
charged particles from the plasma. The increase in the rate of escape
of the charged particles at magnetic fields greater than critical has
also been confirmed by measurements of the ion current on the wall probes
L741, L7351,

At higher magnetic fields (4,000--6,000 Oe), the longitudinal field
strength (and correspondingly the rate of escape of the particles frqm
the plasma) is found to be of the same order as in the absence of the
magnetic field and undergoes little change.

The increase in the longitudinal electric field strength at H;> Her

is accompanied by a sharp increase in the noise intensity. The values

*These theoretical curves have been plotted for the case where the plasma
contains only atomic He dions. The presence of molecular ions does not
substantially affect the results of the calculations.

~
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Fig. 14, Longitudinal electric
field strength versus magnetic
field strength.

l—p = 0.45 mm Hg;

2-—0,9 mm Hg;
3==1,.8 mm Hg.
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of the critical magnetic fields determined from the minima of the E
(H) curves and from the increase of the noise intensity agree with each
other.

Fig. 15 shows the dependence of Hcr on the pressure of helium for
severél values of the diameter of the discharge bottle as given in
references [73, 76]. It was found that the value of Hcr increases
slightly when the discharge current is increased and changes correspond-
ingly little when the length of the discharge region located in the
magnetic field is decreased from 4 to 0.5 m. We are citing here only
the results for helium. Similar data were obtained in studies of the
positive discharge column in hydrogen, nitrogen, neon, argon and krypton

L7z, 7%, 76, 771.

The abnormally fast escape of particles from the plasma of a



positive discharge column was explained in the paper of Kadomtsev and
Nedospasov [81] who showed that this escape may be due to the appearance

of an instability of the positive column in the magnetic field.
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Fig, 15. Dependence of Hcr a on pa.

1 -~ Curve calculated from the formulas of reference [81];
2 - Experimental curve from the data of [76]; a = 0.9-1.3 cm;
3 - Experimental curve from the data of reference [73]; a = O.

75 cm.
The paper discusses a perturbation consisting of a serpentine (cork-

screw) distortion of the plasma column.* The increase in perturbation

is hindered by the diffusion since the diffusion flow of particles to

the wall is greater where the column is closer to the wall. At the same

time, a right-hand corkscrew distortion is associated with a force direct-

ed toward the walls and acting on the column in the magnetic field. This

force is associated with the azimuthal component of the current arising

from the distortion, As the magnetic field increases, this force, tend~-

ing to increase the distortion, also increases, and the diffusion

*Let us note that to explain the observed anomalies Hoh [82] developed a
rather unclear hypothesis on the instability of the layer between the
plasma and the wall (instability not associated with the discharge cur-
rent). This hypothesis cannot account for the phenomena observed. Judg-
ing from the latest articles [83, 84] the author himself has repudiated
this hypothesis and maintains that the corkscrew instability discussed
by Nedospasov and Kadomtsev arises in the positive column.
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inhibiting the perturbation slows down. For this reason, starting
from a certain critical value of the magnetic field, an instability is
produced. The values of H__ for this instability (see Fig. 15), cal-
culated from the formulas given in reference [81], are in good agree-
ment with the results of the experimental determination of this wvalue
in the positive column of a discharge.*

The onset of a helical instability in the positive column of a
discharge, predicted by Kadomtsev and Nedospasov, was observed directly
at magnetic fields exceeding the critical value in references [76, 77].
The authors of these papers were able to photograph the time resolution
of the glow of a plasma column in two projections under certain condi-
tions. The photographs obtained constitute clear-cut evidence for a
right-hand distortion of the plasma column. An additional confirmation
of this theory came from measurements of Hcr in the positive column of
a discharge in the presence of a high-frequency field [80]. A field
with a frequency of 4 MC was supplied from the generator to a special
solenoid in which the discharge bottle was placed. In the presence of
the additional ionization produced by the high-frequency electric field,
the constant electric field necessary for maintaining the equilibrium
of the particles in the positive column decreases. The concentration of
electrons for the given discharge current correspondingly increases.
Therefore, when the plasma column is distorted, the stabilizing effect
of diffusion is reinforced and the magnitude of Hcr should increase.

Experiments have confirmed the postulated increase in Hcr'

*The theoretical curve of Fig. 15 was plotted from the data kindly sup-
plied to the author by A. V. Nedospasov. The same data were used in

the paper by Vdovin and Nedosposowy [119] published after this survey had
been written. R ference [119] gives the results of a calculation of H
for helium, neon, argon and mercury, and the respective experimental
data are analyzed.

cr
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Reference [81] not only derives a criterion for the onset of helical
instability, but also discusses the development of instability at values
of H close to Hcr' This analysis determined the frequencies of oscilla-
tion of the plasma column and the rate of the anomalous diffusion as=-
sociated with these oscillations. These results are in accord with the
experimental results.,

At fields considerably higher than Hcr’ many types of oscillations
may be observed in the column simulfaneously; these oscillations should
then become irregular. The theory of such a developed instability was
formulated by Kadomtsev [85] by analogy with the turbulent convection of
a fluid. It follows from this theory that the rate of the "turbulent"
diffusion of a plasma at H;$>Hcr should not depend on the magnetic field.
These as well as other conclusions of the theory agree with the experi-
mental results.

Thus it may be considered certain that the anomalous increase in
the rate of escape of the cha;ged particles from the positive column of
a discharge in a strong magnetic field as well as the observed oscilla-
tions and noises are due to the onset and development of a helical insta-
bility of the plasma column.

8. Diffusion in a Discharge with Oscillating Electrons

A diagram of a discharge with oscillating electrons (a Penning dis-
charge) is shown in Fig. 16. In this type of discharge, the electrons
oscillate between the cathode and the reflector (which are connected
electrically) until they reach the anode A as a result of displacement
across the magnetic field. The ratio of the plasma concentration on
the periphery of the discharge (in the vicinity of the lines of force

of the magnetic field intersecting the anode) to the concentration in

75



the central region na/no may serve as a measure for determining the
rate of diffusion of the plasma across the magnetic field. This ratio
was determined in the work.of French investigators for various experi-
mental conditions [86-88]. The plasma concentration was measured by
means of probes (from the ion current to the probes).

The resulis of measurement na/no for a Penning discharge with a
cold cathode in hydrogen are shown in Fig. 17. At small magnetic fields,
the ratio ha/n0 decreases monotonically with a rise in the magnetic
field and increases with the pressure. Such a variation correlates with
the variation in the rate of diffusion caused by the collisions. How-
ever, starting at the critical field Hcr’ the ratio na/no increases, while
in a "supercritical" regime, na/no decreases as the pressure increases.
The value of Hcr rose with an increase in pressure and a decrease in the
radius of the discharge, and remained practically unchanged as the dis-
charge current changed by a factor of 10. At fields somewhat in excess of
the critical value, intense noises were observed., In addition to the iow
frequency oscillations, noises were detected by means of an external de-
tector at frequencies of about 1,000 MC. The change in the amplitude of
the noises corresponded qualitatively to the change in the value na/ho°
Similar effects were observed in a Penning discharge with an incandescent
cathode for considerable dimensions of the apparatus (a length of about

1 m). The anomalous character of the change in na/nO and the appearance

Fig. 16. Diagram of a discharge
e with oscillating electrons.
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of intense noises in magnetic fields greater than the critical, obvious-
ly indicate the onset of an unstable state in the Penning discharge,
characterized by an accelerated transverse transport of particles. The

nature of the observed anomalies is unclear.
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Fig. 17. Dependence of ‘ha/no on H.

l«p+ 0,016 mmHg; 2 = 0,024 nm Hg; 3 - 0.03 mm Hg;

L" = 00021 mm Hg; 5 - 00025 mnm Hg; 6 - 0.03 mm Hgo
References [87, 88] indicate that in a Penning discharge, insta-

A

bilities are possible which are due to the anisotropy of the velocity
distribution function of electrons and to the electric fields in the
plasma. However, a concrete analysis of the mechanism of these insta-
bilities is lacking.

9. Diffusion in a Decaying Plasma

We have presented above the results of a series of experiments
in which an anomalously fast motion of the charged particles across
the magnetic field was observed. In the majority of cases, the anon-
alies observed are attributed to the presence of a current through the
plasma or to a strong directed motion of the charged particles. For
this reason, in checking the diffusion theory, it is particularly inter-
esting to consider the studies of the diffusion of a decaying plasma
which can be conducted under conditions where the state of the plasma
is close to one of equilibrium.

The first experiments in the study of plasma decay in a magnetic
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field were carried out by Bostik and Levine in a toroidal chamber [89].
In such geometry, the magnetic field is inhomogeneous and the diffusion
of the plasma is masked to a considerable extent by the toroidal drift.
Nevertheless, we shall dwell on the results of reference [89], since
they are often used in an analysis of the transverse diffusion of a plas-
ma.

The plasma was studied in a metallic toroidal vacuum chamber of
rectangular cross-section. This chamber functioned simultaneocusly as
a resonator excited at two spaced frequencies in the 10 cm range. Under
the influence of the high frequency power, an impulsive discharge in the
gas filling the chamber was achieved at one of the resonance frequencies.
The shift of the resonance frequency corresponding to the second reson-
ance was measured by means of a measuring generator during the period be~
tween the pulses., The frequency shift is proportional to the mean con-
centration of the plasma under certain conditions (see for example re=-
ference [90]). The change in the concentration of the decaying plasma
and the time constant of plasma decay | were thus determined. The value
of T? in helium was approximately linear and increased when'the pressure
was raised from 0,05 to 0.35 mm Hg. When the magnetic field was changed
from 160 to 1400 QOe, the measured time constant had a maximum. The
presence of a maximum has been considered by many as evidence of the
Wanomalous" transverse diffusion.* This interpretation is not convincing

in our view, since it does not allow for the effect of the toroidal drift

*The oscillations associated with plasma decay detected in reference [89]

are sometimes considered as another indication of the anomalous phenomena.
However, reference [89] does not explain under what conditions the oscil-

lations were observed. In particular, it is not clear whether the current
through the plasma during the period of oscillations is completely absent.
No correlation has been established between the observed oscillations and
the rate of plasma decay.

78



caused by the inhomogeneity of the magnetic field on the plasma decay.
Furthermore, the relatively weak dependence of the rate of plasma decay
on the magnetic field was established in reference [89] (an 8--10-fold
increase in H produces a 1.5--2~fold increase in 77 ) as well as a de-
crease in the rate of decay associated with an increase in pressure, is
characteristic of a toroidal drift of charged particles in a neutral
gas. Therefore, the results obtained in reference [89] obviously cannot
be explained by the toroidal drift of the plasma., In any event, the data
of this work can provide very little information of the transverse dif-
fusion at magnetic fields greater than 200--300 QOe, since the rate of
diffusion is found to be less than the rate of the toroidal drift.
Investigations of plasma decay in a homogeneous magnetic field were
carried out by using the sounding method and the microwave method. In
the experiments of Granovskii and coworkers [91--93], the plasma decay
was studied by means of probes. The plasma was generated in cylindrical
glass bottles 2-=3.cm.in diameter by means of pulses of a high-frequency
discharge or a discharge with an incandescent cathode. The change in the
ion current to the probes (Ia), introduced into the bottle were recorded
during the interval between the pulses. The slope of the curves%ﬂ{fg;fﬂ)
was used to determine the time constant of the plasma decay in the initial
stage 2\0 (immediately after the discharge pulse) and at a later stage
t~1 (apparently, a few hundred microseconds after the pulse). The meas-

urements were carried out at plasma concentrations greater than 109--—10lo

em™>,
The dependence of T on the magnetic field in helium and argon, ob-
tained in references [91--93] for several cases, is shown in Fig. 18.

At magnetic fields greater than 500--1,000 Oe, the time constants undergo

little change. The saturation of the curves may be due to the bulk
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processes of removal of charged particles, such as the electron-ion

recombination and the capture of electrons by the molecules of elec-

tronegative impurities with subseqguent ionic recombination. To verify
the influence of bulk processes, a determination was made in reference
[92] of the relation between the total number of particles escaping to
the surface of the bottle and measured by the ion currents to the wall
probes, and the initial number of charged particles estimated from the

jonic currents to the probes placed inside the volume of the bottle.
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Fig. 18. Dependence of T on H.
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The results of these measurements clearly show the essential role of the
bulk processes of removal of charged particles associated with the decay
of the helium plasma under the conditions of the experiments described.
Thus, the curves ¢ (H) are determined by diffusion of the plasma only

at small magnetic fields (from 500--1,000 Oe). Qualitatively, the course
of the curves in this region agrees with the diffusion theory. However,
a quantitative comparison is difficult because the plasma parameters have
not been fully detérmined. Sounding measurements in a magnetic field
determine only the order of magnitude of the plasma concentration. Dur-
ing the initial stages of plasma decay, the electron and the ion temper~
ature are not known either. A suitable selection of the parameters can

insure agreement between the experimental and the calculated values of T,
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It follows from the above that the results of the experiments de-
scribed in references [91--93] do not contradict the diffusion theory,

but these results are insufficient for a qualitative verification of the

theory.
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The use of microwave methods of investigation [90] has made it pos-

7 8 12

sible to study the plasma decay of concentrations from 10 --10" to 107 «=~

lO13 em™ (the decay in helium was studied). In this section, we shall
examine the results of investigations conducted at small concentrations
at which the collisions of the charged particles with one another are
not essential.

In the work of Zhilinskii and the author [94--95], the plasma decay
in a magnetic field was studied by the waveguide method. & c¢ylindrical
glass bottle with an inner diameter of 1.6-~2.0 cm and 110 cm long was
placed in a cylindrical waveguide (Fig. 19a). The plasma was generated
in helium by pulses of a current discharge l--~2 fAsec long. The change
with time in the phase shift of the 3-centimeter waves passed through
the plasma was measured during the period between the pulses.

The magnitude of this shift determines the average concentration
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of the electrons. The characteristic curves of the concentration change
on a semilogarithmic scale are shown in Fig. 20. As can be seen from

the figure, at concentrations of 109--10lO cm-s, the plasma decay is ex-
ponential. This means that the nonlinear processes, i.e., the diffu-
sion caused by electron-ion collisions and the recombination, are not
essential, Simple estimates indicate that the establishment of a temper-
ature equilibrium between electrons, ions and neutral gas, and the es-

tablishment of a diffusional rate of distribution of the charged parti-

cles take place during the earlier stages of plasma decay. This is
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Fig. 20. Variation of the concentration of charged particles in
the process of plasma decay.

p=0.,08m Hg; 1 = -H'='300:0e; 2 = 450 Oe; 3 - 650 Oe; &4 « 1000 Oe;
5 = 1500 Oe; 6 - 2000 Oe.

confirmed by the identical course of the decay curves at various initial

concentrations. Thus, in accordance with (3.41) the "linear" coefficient

of transverse diffusion -
: 1

A
Dy =A%,
7). 1:.1_

=11

1 a
7 dE A0=2,405 . (9.1)

i
i

b=

can be determined from the slope of the curves 1ln n (t) at small concen-

trations.

Fig. 21 shows the results of a determination of the diffusion
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the theory. The rate of plasma decay determined experimentally is found
to be considerably greater than the theoretical value, particularly at
low pressures. The cause of this discrepancy has not been established.*
The component of the decay rate which is not dependent on the magnetic

field is possibly related to the bulk processes of removal. However,
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there is an important part of the diffusion ccefficient which decreases
rapidly with the magnetic field but is weakly dependent on the pressure.
It is as if we were dealing with some sort of diffusion mechanism which
was not related to the electron-atom collisions. The arbitrary '“colli-
gion frequency" determining the effectiveness of this mechanism is about
5 x 108 sec-l.

Alikhanov, Demirkhanov and coworkers studied the plasma decay in a

glass bottle of large diameter (20 =T cu, d =70 cx) [97]). The bottle

was completely inserted into a cavity resonator (see Fig. 19¢). A

*It is possible that the discrepancy is partly due to the deviation of
the electron temperature from the temperature of the gas.
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discharge was excited in the gas at one of the resonance frequencies.

The concentration at plasma decay was determined from the frequency

shift corresponding to the other resonance. The results of measurements
of the plasma decay constant in helium at pressures of 0,025~--0.2 mm Hg
in magnetic fields up to 6,000 Oe are in agreement with the theoretical
values, Owing to the comparatively small ratio of the length of the dis-
charge bottle to its diameter (g%;=10> the transverse diffusion of the
plasma at magnetic fields greater thén 100--500 Oe is masked by the
longitudinal diffusion. The data of reference [97] seem to indicate that
the rate of transverse diffusion of the plasma in the large-diameter
bottle agrees with the theoretical value at magnetic fields less than a
few hundred oersteds.

All of the results cited above were obtained in dielectric discharge
bottles. The effect of metallic surfaces on the plasma decay was studied
in reference [54]. A copper tube 110 cm long and about 2.0 cm in diam-
eter was placed inside a glass discharge bottle. This tube served as
the wave guide with which the concentration was measured in the course
of the plasma decay. In a homogeneous magnetic field, the rate of decay
in the presence of a metallic tube was found to be approximately the same
as in a bottle without any metal. To imitate a plasma decay bounded on
all sides by a conducting surface, measurements were undertaken in an
inhomogeneous field. The length of the solenoid producing the magnetic
field was increased so that the ends of the bottle with the metallic tube
were outside the solenoid, i.e., so that the lines of force of the magnetic
field intersected the metallic surface. As can be seen in Fig. 22, a
substantial decrease of the decay constant was observed at large magnetic

fields. The replacement of the continuous metallic tube in the bottle
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by a tube consisting of insulateé metallic rings (each 10 cm long) leads
to the elimination of the observed effects. This shows that the plasma
decay constant in the metallic bottle is due to the equalization of po-
tentials at the plasma boundaries, i.e., to the short-circuiting effect.
A guantitative comparison of the experimental results with the theory of
diffusion in a metallic bottle expounded in 3 of chapter I is difficult,
since the causes leading to an accelerated diffusion in a dielectric bot-
tle are not c¢lear., If it is assumed that the effective collision frequency
of the electrons in a magnetic field is increased, and if this frequency
is determined from experiments on the diffusion in a dielectric bottle,
it is possible to calculate the diffusion coefficient in a metallic bot-
tle by means of relations (3.43), (3.45), (1.10) and (1.11). The results

of such calculations agree with the experimental data.
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III. EXPERIMENTAL INVESTIGATIONS OF THE DIFFUSION
OF CHARGED PARTICLES OF A STRONGLY IONIZED
GAS IN A MAGNETIC FIELD

10, Decay of Dense Plasma in a Magnetic Field.

At high plasma concentrations, nonlinear processes -~ the diffusion
caused by electron~ion collisions and the recombination - should have a
substantial effect on the decay of the plasma. uTherefore, by measuring
the rate of plasma decay, it is possible to obtain data on the diffusion
due to electron-ion collisions.,

Let us first examine the data obtained in references [94, 54] for
measurements of the rate of plasma decay in helium, performed by the
waveguide method. In the preceeding section we showed a diagram of
these measurements (see Fig. 19a) and the results of investigations at
small plasma concentrations when a major part is played by linear proc-
esses, and the plasma decay is exponential. At plasma concentrations
in excess of 40m;10“ ex™®, the reciprocal of the decay time constant

T_ta (10.1)
B vn' v—dTV

increases markedly with the concentration (see Fig. 20). The effective-
ness of the nonlinear processes may be characterized by the quantity

A (:1‘—>=-;t——‘:é; (2“0 is the decay time constant at small concentrations).
An interpretation of the plasma decay curves showed that this gqguantity
changes in approximate proportion to the plasma concentration at magnetic
fields of 300~-2,000 Oe. Fig. 23 shows the dependence of _A,('Uﬂ on the
magnetic field at a concentration of f§;=240ﬁfﬂﬁ and at helium pressures
of 0.,02--0.8 mm Hg. It is evident that the nonlinear increment in the
rate of decay at a fixed plasma concentration is almost independent of

the pressure in the neutral gas. Analysis of the curve in Fig. 23 may

be performed by using relation (3.53):
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R R R Tt (10.2)
At magnetic fields greater thanm 1,500 Oe, trhe dependence of/A({/r) on the
magnetic field is weak, This evidently means that the diffusion is
masked by the recombination. Having determined the recombination coeffi-
cient (a=310'9m3 cex”!) from the curve of Fig. 23, one can readily obtain
the values of the coefficient -ﬁei with. the aid of the above formula,

The result of a determination of Eei at magnetic fields of 500 and 1,000
Oe are given in Fig. 25, According to theory, the quantity Bei changes

in proportion to the mean concentration (in the range of 5.10°—10' cu™® )

and in inverse proportion to the square of the magnetic field strength.
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Anisimov, Vinogradov, Konétantindv and the author [98] used the
microwave method of "free space'" in studying the plasma decay at high
concentrations. In these experiments, the plasma was generated in a
cylindrical glass bottle 8.0 cm in diameter filled with helium, by means
of pulses of an induction or an electrode discharge. To determine the
concentration in the course of the plasma decay, the plasma was sounded
at three frequencies simultaneously. By measuring the phases of the
reflected waves at several frequencies lower than the "cut-off" fre~

quency, it was possible to determine the positions of the "regions" of
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reflection for these frequencies (i.e., regions where the concentration
is close to critical) [99]. The average concentration was determined

from the phase of the wave passing through the plasma.
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Fig. 24. Radial distribution of charged plasma particles.
P @ He=0; 71— =03 mcex, 2 — 0,5 mcex, 3 — 0,65 mcex;
6) H = 2000 5, 1 — ¢ = 0,4 amcex, 2 — 0,65 mcex, 3 — 0,9 MCER

(t - time elapsed after the discharge current ceases).
The broken lines represent the calculated curves,
LMCeK = msec,

Data were thus obtained on the spatial distribution of the charged
particles* (Fig. 24). These data are confirmed by measurements of the
glow emitted by the plasma. In the absence of a magnetic field, the
concentration distribution is close to the diffusional distribution de-
scribed by a Bessel function. In a magnetic field of 1,000--2,000 Oe,
the concentration distribution is compressed, due to nonlinear processes.
This corresponds to the results of the approximate calculation given in
3 of chapter I.

The decay constant of the plasma was determined from the change in
the time of the average concentration. At magnetic fields in excess of
1,000--1,500 OCe, the rate of the plasma decay ceases to depend on the
magnetic field. The decay curves in this region are in good agreement

with the curves obtained from the study of plasma decay in strong

*The trapezoidal distribution form was taken for the treatment of the
experimental data.
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magnetic fields (H = 30,000 Oe) in the American device the "Stellarator
V-1" [100]. As was shown in references [100, 101] the shape of the
curves appears to be determined by the recombination caused by collisions
of an ion with two electrons.

At magnetic fields less than 1,000 Oe, it is possible to determine

the "diffusion" time constant by subtracting the rate of recombination

Ve D :
from the total rate of decay i E;=h;=~;: « The dependence of this con-

stant on the magnetic field and the concentration corresponds to the
theoretical dependence.

Results of the determination of the coefficient of "nonlinear" dif-
fusion are given in Fig. 25. This figure also shows the results of cal-
culations of ﬁei by means of formula (2.78). 1In the calculations of the
temperature and of the Coulombic logarithm, it was assumed that
IT=300° K, A=8., Relations (2.80) at plasma concentrations of 5:10°—5. 1012 ca™8
lead to values of the Coulombic logarithm of A=2,5—7, It should be noted,
however, that since the values of N are small and the Debye and Larmor
radii are similar under the experimental conditions described, relations
(2.80) determine A to within several units, For this reason, the agree-
ment between the results of the experimental determination of Eei and the
theoretical results is satisfactory.

Thus, it follows from references [98, 54] that the nonlinear part
of the diffusion coefficient at plasima concentrations of 5:10% —5.10%% cn™$
and magnetic fields up to 1,500 Oe is adequately described by the theory
of diffusion based on the consideration of electron-ion collisions.

11. Diffusion in a Stationary Cesium and Potassium Plasma

In gases with a low ionization potential, the surface ionization

may be used to generate a plasma. This method of accumulating ions makes
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it possible to obtain a stationary plasma with a high degree of ioniza-
E)

tion in the magnetic field. In reference [102], a description is given

of a device designed to generate such a plasma; references [103--104]

give the results of the diffusion across the magnetic field in this de-

vice.
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A diagram of the device is shown in Fig. 26. The source of the
charged particles are two tungsten plates W heated to 2,300o K. A beam
of cesium or potassium atoms is directed at the central part of these
plates from the source S. The ions produced by the surface ionization
are retained for a long time in the central portion of the volume (be-
tween the plates) by the magnetic field. The heated tungsten plates
are also a source of electrons. The amount of the emitted electrons
is automatically kept such that the plasma will be quasineutral over
its entire volume, with the exception of the layers whose width is of
the order of the Debye radius and which are adjacent to the hot plates.

In order to decrease the quéntity of neutral atoms in the bulk,
the walls of the bottle were kept at a low temperature, about -10°c.

The plasma concentration in the central portion of the volume and the
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degree of lonization are determined by the intensity of the flux of

10 3

neutral atoms. At a concentration of 10 cm” , the degree of ioniza-~

tion obtained was about 40%, and at a concentration of lO12 cm-B, the
degree of ionization was over 99%.

Since the state of the plasma generated in the device described
is close to a state of equilibrium, the device is suited for studying
diffusion in a magnetic field. Moreover, owing to the high degree of
ionization, only the diffusion due to collisions of charged particles
with one anotherﬁhm;<\@9, is essential. To obtain data on the trans-
verse diffusion of the plasma, measurements of the rate of distribution
of the concentrations were made by means of a mobile probe of small
size (0.025 cm in diameter). The difficulty of these measurements was

that the concentration change had to be measured within the confines of

the small transverse dimension of the tungsten plates (™ 1.4 cm).

N f 3= P [plate/ U= S [source/
. /2y stttk b
Whmmme 1 D
’fd%ft“‘“‘"““"‘“g“‘ff‘75“‘. Fig. 26, Diagram of the appara-
S \Q\ ' Rote tus for obtaining a stationary
\\:\\ ,,/::’, plasma s
AN <:;/ I--Region of plasma formation;
‘n [ ITI--Region of transverse diffu-
sion.

It should be noted that the longitudinal distribution of the con-
centration was uniform, since the charged particles falling on the hot
tungsten surface were almost completely reflected from it, Thus, the
longitudinal diffusion of the charged particles was absent. As was
shown in % of chapter I, the characteristic length of the concentration
drop, SJ;’ is determined by the ratio of the coefficient of transverse
diffusion to the recombination coefficient (3.3%6)

Dot (qq,9) (11.1).
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Substituting formula (1.30) for Dei into (11.1), we find

= & 1/ 2eimeT (11.2)
‘SJ-"'E_E an

Since for the conditions of the expefiment described the Larmor radius
of the electrons is less than the Debye radiuské?k:rﬁ s in calculating
the collision frequency vei the Coulombic logarithm should be determined
from formula (2,80b).
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The res;i£$Mofmthe measurements of the characteristic length l/gl;
in cesium are shown in Fig. 27, Similar results were obtained for potas-
sium., It is obvious from the graph that the gquantity l/SJ_ is approxi-
mately proportional to H. Accordingly, the coefficient of transverse dif-
fusion Dei is inversely proportional to the square of the magnetic field
strength, as should be expected.
The absolute values of the diffusion coefficient should not be ob-
tained from measurements of 8; (see (11.1)) since the exact value of
the recombination coefficient is not known. If use is made of formula
(11.2), obtained with the assumption that the plasma diffusion is caused

by electron-ion collisions, the recombination coefficient « may be deter-

mined from experimental data. It turns out that the coefficient o grows
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with the coefficient (~
1

), and when n~5.10' ex™% it is approximately
equal to 3 x 10° 0 cm3/sec. This value agrees in order of magnitude with
the data of the direct estimation of o and with the results of measure-
ments under other conditions. A certain deviation may be attributed to
the inaccuracy of the measurement of the concentration and temperature

of the plasma. The dependence of @ on n agrees also with the theoretical
concept of recombination for collisions of an ion with two electrons,

The observed agreement between the data means that the order of magnitude
of the coefficient of transverse diffusion Dei is correctly determined

by the theoretical formula (2.78)..

12. Diffusion in the Presence of a Current Passing Through the Plasma

The behavior of a strongly ionized plasma in a magnetic field has
been investigated in many experiments in recent years in connection with
the problem of controlled thermonuclear reactions. However, in almost
all of these experiments, the lifetime of the charged particles was sub~
stantially shorter than the diffusion lifetime. It was determined in
the various experiments by the appearance of hydromagnetic plasma insta-
bilities, by the escape of particles along the lines of force of the
magnetic field, and by bulk processes (see reference [1]). We shall
confine ourselves in this paper to a brief exposition of certain experi-
mental results obtained with toroidal plasma devices with a strong lon-
gitudinal magnetic field under conditions where the most dangerous hydro-
magnetic instabilities produced by the discharge current have been re-
moved.

The most detailed investigations of the lifetime of particles
were carried out with the American devices "Stellarator V-1" and "V.3©

[105~-107]. 1In these devices, the gas-discharge chamber is a torus
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"twisted" into a figure eight, so as to compensate for the particle
drift. The plasma is generated in an external magnetic field (up to

4O x0Oe) parallel to the axis of the chamber. 1In the experiments de-
scribed, the ionization of the gas and the heating of the plasma were
accomplished by a longitudinal electric field (0.05~~0.3% v/cm). The
highest value of the longitudinal current through the plasma was chosen
so that the instabilities due to the helical distortion of the plasma
column of lower types (with a small m characterizing the azimuthal sym-
metry of the perturbation) could not arise, i.e., s0 that the Kruskal-
Shafranov stability condition would be obeyed (see reference [1]).

The plasma concentration was measured during the period of ioniza-
tion and current heating. The measurements were made by means of the
phase shift of the wave which passed through the plasma, using S-mil-
limeter and b-millimeter interferometers. The characteristic curves
of the change in the plasma parameters in hydrogen are shown in Fig. 28.
In the first stage of the process (before the concentration maximum),
the gas becomes ionized. At the instant of maximum current (I), the
gas in the chamber is almost completely ionized. This is shown by the
considerable attenuation of the hydrogen glow (the Hg line). The de-
crease in the plasma concentration after the maximum is due to the es-
cape of charged particles from the plasma (most of the escaping parti-
cles are apparently absorbed on the wall). By analyzing the curves
of the concentration change on the basis of reasonable assumptions on
the ionization and disassociation of the hydrogen molecule and on the
character of the desorption of the gas from the walls, the authors of
references [106, 107] determined the time constant of the escape of the

particles from the plasma in the ionization stage and in the stage of

95



decrease of the concentration T°. The value of T was found to be 3=

b orders of magnitude less than the time of the diffusion across the
magnetic field caused by collisions of charged particles, In order to
find out whether this is due to the instabilities caused by the helical
distortions of columns of higher types (with a greater m), experiments
were undertaken with additional stabilizing windings of the triple
spiral type. The inclusion of stabilizing windings did not produce any
substantial change in T . Measurements showed that 't'increased with
the magnetic field (ﬁc:ti according to the data of reference [106],
ft&éﬂiaccording to those of reference [107]) and decreased with the ef-
fective radius of the chamber (according to the data of reference [107]
ff°¥“ ). To determine the dependence of 7 on the electron temperature,
studies were made under conditions of "constant electron temperature."
The constancy of the temperature (i.e., of the plasma conductivity) was
achieved by a special programming of the voltage source. The magnitude
of Tf was found to be proportional to Te‘ On the basis of measurements

3

of T¥ in hydrogen at an initial pressure of 10”%»10‘

concentration of 1012—-1013 cm-B, an electron temperature of 2-20 ev,

mm Hg, a plasma

a magnetic field of 5,000--40,000 Oe and a diameter of the plasma column
of 1-4 cm, the authors of reference [107] obtained an empirical formula

for the coefficient of "anomalous" diffusion
; mﬂ.;f&; N,v .m%
D=5 > 21005 (en?/sec) (22.1)
(where Te is in ev and H is in kOe). ‘
Let us note that the results of the various measurements are rather
contradictory and for this reason the empirical formula for Dln is very

approximate.

Yavlinskii and coworkers [108] also detected an anomalous diffusion
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in experiments with the toroidal device "Tokamak=-2", For an initial
hydrogen pressure of 5 x 10“4—-—10”3 mm Hg, a plasma concentration of
n..zlol3 cm3, a longitudinal magnetic field of about 6,000 Oe, a longi-
tudinal electric field of 0.1-~0.25 v/cm°l, and a diameter of the plas-
ma column of 20 cm, the lifetime of the charged particles was found to
be approximately 600 /Asec. This value agrees in order of magnitude
with the value given by the empirical formula.
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with the purpose of finding out at what minimum currents through the
plasma the anomalous diffusion arises [109]. The investigations were
conducted after the discharge current had ceased during the period of
plasma de;ay, at a magnetic field of 18 kOe. As was shown in ref. [100]
the plasma decay is determined under these conditions by the bulk recombi-
nation of electrons and ions (see the preceeding section). A longitudinal
electric field (frequency 20 MC, amplitude 0.01-0.03 v/cm) was induced in
the decaying plasma., Characteristic curves of the variation in the cure
rent through the plasma and of the plasma concentration in helium at a
pressure of 6 x lO-LF mm Hg are shown in Fig., 29. At first the plasma is
heated (as was shown in ref. [100], Te ~ 0,1 ev during the plasma decay).
For this reason, the recombination rate decreases, and the plasma conductiv-

ity, and hence the current through the plasma, increase. At some critical
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current, the rate of decay increases sharply*. This rise is attributed
in ref. [109] to the appearance of an anomalous diffusion. It has been
established that the critical current is approximately proportional to
the plasma concentration in the range of 3 x loll~-3 X 1012 cm”B. The
value of the critical current density at a plasma concentration of

~ 10*® cn™3 and a helium pressure of 2 x 10'““4 x 1072

mm Hg is approxie
mately 0.2«=0,3 A/cmz. Similar results were obtained in argon and hydro=~
gen.

Thus in a strongly ionized plasma, the longitudinal current causes
an anomalously rapid escape of particles across the magnetic field, i.e.,
an anomalous diffusion.

Many studies proposed to explain the anomalous diffusion by the ap=

pearance of various plasma instabilities such as the excitation of icnic

Fig. 29. Curves of the change in
, the current through the plasma and
n(l=() of the plasma concentration.
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*The decrease in the current through the plasma at the end of the decay
is probably due to the decrease in the plasma conductivity which at that
time is determined by the collisions of electrons with neutral atoms,
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K.

oscillations [110, 111] and the appearance of the current-convective in-

stability due to the temperature gradient [112]. At the present time,

the evidence is not sufficient for adopting any of the proposed explana-

tions. The nature of the anomalous diffusion thus far remains unclear,
CONCLUSION

Analysis of the results of the experimental investigations has
shown that in many cases the diffusion of charged plasma particles across
a strong magnetic field occurs much faster than predicted by the theory
explaining the diffusion by particle collisions.,

The results of experiments on diffusion in the presence éf a current
through the plasma or a strong directed motion of particles (in the posi-
tive column of a discharge, in a discharge with oscillating electrons
and a strongly ionized plasma with a current) correspond to the theory
but only at moderate magnetic fields, As the magnetic field rises be~-
ginning at some critical value, the diffusion rate increases. At the
same time, intense plasma oscillations appear which indicate the onset
of an instability.

In experiments where the state of the plasma is close to the equilib=~
rium state (decaying plasma in a homogeneous magnetic field, stationary
¢urrent-free plasma in cesium and potassium), an increase in the magnetic
field led to a monotonic decrease of the diffusion rate which was in ap-
proximate agreement with the collisions theory (D, ~1/H? . However, in
a number of experiments on plasma decay, the value of the measured coeffi=-
cient of transverse diffusion was found to be substantially higher than
the expected value at a small collision frequency, as if the effective
collision frequencies were greater than the calculated value by about

8 -1

107 se¢c ~o It is necessary to note that the observed diffusion was never

99



slower than the diffusion caused by collisions with a frequency of

7 8 -1

10" ==10" sec "

The anomalously rapid transport of plasma particles across a mage
netic field (anomalous diffusion) observed in the various experiments
should naturally be compared with the development of instabilities,
whatever they may be, and with the oscillations and noises present in
the plasma.

As early as 1948, Bohm suggested the existence of an anomalous
mechanism for particle transfer across a magnetic field associated with
plasma oscillations* [59] to explain the results of investigations of
the diffusion of charged particles from a low-pressure stationary plasma.
The plasma oscillations are associated with the appearance of alternating
electric fields. The drift of the charged plasma particles caused by
these fields (in the plane perpendicular to the magnetic field) leads
to a "collisionless" particle diffusion., Without deriving it, Bohm cites
the following expression for the coefficient of diffusion across a mag-

netic field due to oscillations:

Di=oer -

)

i
|
|

Although this formula was not justified, it is frequently used in
the analysis of experimental results.

To explain the anomalous effects observed in the various experiments,
a series of concrete postulations have been proposed concerning the chare
acter of the instabilities that arise, some of which we mentioned in the
respective sections of this survey.
*As was indicated on p. 61, the results of the measurements of the cone
centration distribution for diffusion from a stationary plasma, described

in Bohm's article [59], may be explained without bringing in the hypo=-
thesis of anomalous diffusion.
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We have noted that at least in one case it was possible to definitely
identify an instability caused by the anomalous diffusion. A helical "cure
rent-convective" instability described by Nedospasov and Kadomtsev [81]
arises in the positive column of a discharge. The development of this ine
stability at large magnetic fields leads to the appearance of a turbulent
plasma state characterized by a broead spectrum of oscillation. The diffi-
culty 6f treating diffusion under conditions of developed instability is
due to the necessity of solving a system of nonlinear equations. Kadomtsev
was able to formulate a theory of turbulent diffusion in the positive col-
umn of a discharge on the basis of analogy with turbulent motion in fluids
[85]. The results of the theory agree with experimental data.

Let us mention two more papers which evaluate the coefficient of
anomalous diffusion accompanying the development of instabilities. These
papers consider a completely ionized plasma in the presence of the dis=-
charge current. In Spitzer's article [111], a determination was made of
the coefficient of anomalous diffusion due to the excitation of ione-sonic
waves. The expression for the diffusion coefficient is found to be sinmi=-
lar to the expression given by Bohm. Kadomtsev obtained a relation for
the diffusion coefficient for a develeped current-convective instability
associated with the temperature gradient in a completely ionized plasma
(112]. Thus far, it has not been possible to compare the results of these
studies with experimental data.

In some studies attempts were made to find ways of describing the
anomalous diffusion which are not related to an analysis of concrete
types of instabilities.

In Ecker's paper the increased collision frequency of electrons and

ions are formally introduced into the diffusion equations in order to
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describe the anomalous diffusion [113]. Taylor undertock an investiga-
tion with the purpose of establishing limits within which the coefficient
of anomalous diffusion should be located [114, 115],. He came to the cone
clusion that the coefficient of transverse diffusion oi ions in a com~
pletely ionized gas cannot exceed Bohm's coefficient by more than four
times. In the work of Yoshikawa and Rose [116] there is an attempt to
establish a relation between the coefficient of diffusion in a turbulent
plasma, the intensity of oscillations, and the mean square fluctuation of
the concemtration, with some rather general assumptions on the character
of turbulent motions. We shall not dwell on the above mentioned studies.
Let us only observe that these investigations cannot provide an answer
to the question concerning the conditions under which the anomalous diffu-
sion arises.

In connection with the problem of the conditions of development eof
anomalous diffusion, the problem of the so~-called universal instability
is particularly interesting, i.e., an instability whose development is not
associated with the current through the plasma and may be caused by small
concentration and temperature gradients. One type of such instability
was observed in the theoretical work of Rudakov and Sagdeev [117]. They

found that for certain relations between the concentration and the tempera=

ture gradient f;%%%%g;gz arégfﬁzg4<d>’oblique ion~-sonic waves should be

excited in the plasma. An examination of the effects associated with the
finiteness of the Larmor radius of the ions, carried out by Kadomtsev and
Timofeev [120], Galeev, Oraevskii and Sagdeev [121], and Mikhailovskii
and Rudakov [122] has shown that this instability may also arise for a
more real relationship between the concentration and the temperature

gradients (when V(lnn)>V(n T) ),
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The study of the conditions under which a universal plasma instabile~
ity arises, and the determination of the coefficient of the diffusion
accompanying this instability are at the present time some of the most
important problems in the experimental and theoretical investigations of
transport in a plasma.
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